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Traditionally, fisheries management has assumed that all fish within a marine 
population contribute the same per unit biomass to population growth. However, it has 
become evident that older, larger individuals may contribute more to the reproductive output 
and success. Relatively small subpopulations may sustain a large population network, by 
contributing a reproductive surplus to the larval pool. For the sustainable management of 
marine fish populations, it is crucial to understand the reproductive contribution of 
populations and individual fish within populations, how populations are structured and 
connected, and how populations interact with the environment.  
 The present work aimed to elucidate how spatial differences in habitat quality affect 
marine fish populations, with particular focus on spatial variations in population 
demographics and reproductive output among subpopulations distributed across seascapes. 
Firstly, I compared demographic parameters, such as the length-frequency distributions, sex 
ratios, length-at-sex-change, and potential fecundity among five subpopulations of blue cod 
(Parapercis colias) in the Marlborough Sounds and Tasman Bay (Chapter 2). Secondly, I 
used stable isotopic values and stomach contents of blue cod subpopulations to investigate 
the effect of long-term trawling and dredging in Tasman Bay on the trophic niche of blue cod 
compared to subpopulations inhabiting biogenic reefs in the Marlborough Sounds (Chapter 
3). Thirdly, I inferred population structure and movement from multivariate trace element 
signatures of otoliths from blue cod subpopulations within and among the Marlborough 
Sounds and Tasman Bay (Chapter 4). To investigate the contribution to the reproductive 
output and success of individuals within a population, I used proxies for larval fitness and 
viability to compare cohorts of larvae produced by different aged and sized female sea perch 
(Helicolenus percoides) (Chapter 5). Lastly, I explored the effect of maternal nutrition, 
inferred by fatty acid biomarkers, on larval traits on the day of parturition and larval viability 
and cohorts of larvae produced by female sea perch sampled from two distinct 
subpopulations from the Otago shelf and Fiordland (Chapter 6). 
 Three out of the five sampled subpopulations of blue cod from the Marlborough 
Sounds and Tasman Bay were severely truncated towards a larger proportion of smaller 
individuals. Sex change, from female to male, occurred at extremely small lengths, resulting 
in a sex ratio skewed towards a large proportion of small males among four out of five 
subpopulations. Consequentially, the estimated population batch fecundity was low among 
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these male-dominated subpopulations. Isotopic niches and niche breadths of blue cod 
subpopulations from the Tasman Bay regions were smaller than those of subpopulations from 
the Marlborough Sounds. Movement, as inferred by multivariate otolith trace elemental 
signatures, was low between subpopulations from the Marlborough Sounds and Tasman Bay. 
However, subpopulations within the Marlborough Sounds likely displayed a source-sink 
dynamic, where the outer Sounds subpopulation supported the inner Sounds subpopulation 
with adults. The two subpopulations likely shared a larval source pool.  
Older, larger females of sea perch were proportionally more fecund than younger, 
smaller females. These older, larger females also produced cohorts of larvae with larger oil 
globules than did younger, smaller females. Cohorts of larvae, with larger oil globules on the 
day of parturition, had faster growth rates and survived longer in fed treatments, than cohorts 
of larvae with smaller oil globules. When larval cohorts were compared between 
subpopulations from the Otago shelf and the inner Fiordland, cohorts produced by females 
from the Otago shelf had smaller oil globules on the day of parturition than cohorts of larvae 
produced by females from Fiordland. Among cohorts of larvae produced by females from 
Fiordland, the concentrations of the essential fatty acids docosahexaenoic acid (DHA) and 
arachidonic acid (ARA) were higher, and the eicosapentaenoic acid (EPA)/ARA ratio was 
lower than in cohorts of larvae produced by females from the Otago shelf. 
 The results of my research indicated that long-term overexploitation in the 
Marlborough Sounds and Tasman Bay has likely caused sex-change to occur at smaller sizes, 
resulting in the higher abundance of smaller males, which resulted in lower population 
fecundity. Smaller trophic niches of blue cod subpopulations from Tasman Bay compared to 
those of blue cod from the Marlborough Sounds were coincidental with differences in habitat 
degradation as a result of intensified bottom trawling and dredging within Tasman Bay. Blue 
cod populations within the Marlborough Sounds showed complex source-sink population 
structures and likely shared larval source pools, highlighting the importance of considering 
population structure when designing and implementing management strategies. Older, larger 
maternal sea perch produced cohorts of larvae that were more viable than those produced by 
younger, smaller females, emphasising that an old-growth age structure within populations 
may ensure larval survival and, ultimately, recruitment. Larval viability was not only affected 
by maternal age and size, but also by maternal nutrition, which resulted in unique visual and 
osmoregulatory larval adaptations to the low-light, low-productivity environment of the inner 
Fiordland. Fisheries management should aim to protect population structure, trophic 
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1.1 POPULATION STRUCTURE 
Marine fish populations may vary in their life history traits due to environmental and 
recruitment fluctuations, intra- and interspecific competition, and oceanographic processes. 
To provide scientific support for effective management strategies, it is crucial to understand 
the cause and effect of variations in populations structure, including demographics, 
connectivity, reproductive sources and sinks, and the link between habitat, trophodynamics, 
and reproductive success. 
 
1.1.1 Age and size structure 
 In models based on biomass, it has historically been assumed that each individual fish 
within a population contributes equally to stability and reproductive success, or that many 
small, mature females are reproductively equivalent to fewer, larger mature females. 
However, in recent years the value of older, larger individuals within a population has 
become evident (Berkeley et al. 2004b, Bobko & Berkeley 2004, Birkeland & Dayton 2005, 
Hsieh et al. 2010, Hixon et al. 2014). The conservation of an old-growth age structure can 
provide several benefits to the population. In some species, older, larger females can have 
extended spawning periods (Kjesbu et al. 1996), can be more selective for the spawning 
location and time (Wright & Gibb 2005), produce a larger number of eggs or larvae (Hislop 
1988, Trippel & Neil 2004, Beyer et al. 2015), and produce larvae with larger energy 
reserves, which increases survival chances (Berkeley et al. 2004a). These so-called bet-
hedging strategies can increase the survival probabilities of larvae by ensuring that some 
larvae will encounter favourable environmental conditions, high food quality and quantity, 
and low predation risk due to the spatial and temporal spread of reproductive effort (review 
by Hixon et al. 2014). The combination of old-growth age structure and bet-hedging 
strategies is referred to as maternal effects (Hsieh et al. 2010) and was first brought forward 
by Longhurst (2002) and Berkeley et al. (2004a b). An understanding of how reproductive 
success and maternal investment vary among individuals within a population is crucial to 
accurately estimate population fecundity and recruitment. 
 
1.1.2 Spatial structure 
 Additional to age structure as an important contribution to bet-hedging, the spatial 
population structure is also crucial (Berkeley et al. 2004b, Hsieh et al. 2010). A species often 
consists of several populations in separate locations, creating a network of subpopulations 
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connected by larval or adult dispersal (Smedbol & Wroblewski 2002, Lawton et al. 2010, 
Jack & Wing 2013). Each subpopulation may display distinct demographic parameters, such 
as variations in reproductive timing, size-at-maturity, or growth (Dunning et al. 1992, Hsieh 
et al. 2010). Within a population network, subpopulations with insufficient reproduction to 
balance mortality may be supplied with larvae or adults from subpopulations with a 
reproductive surplus, displaying a source-sink dynamic (Pulliam 1988, Wing 2011). In case 
the sink – subpopulation experiences reproductive failure due to unfavourable environmental 
conditions or the loss of mature individuals, another subpopulation within the network may 
succeed, provide a source for recolonisation and sustain the overall population network 
(Kritzer & Sale 2004, Hsieh et al. 2010). A key driver for a population network is the 
exchange of individuals between subpopulations (Hixon et al. 2002, Kritzer & Sale 2006). 
Subpopulation can be connected via larval dispersal, the exchange of juveniles and recruits, 
and adult movements (Palumbi 2003, Cowen & Sponaugle 2009, Wing 2009).  
 Larval transport and dispersal can be influenced by physical processes, such as water 
column stratification, wind, tides, freshwater input, ocean currents, and coastal complexity, or 
by biological traits, such as maternal nutrition and condition, spatial and temporal patterns of 
egg and larval release, vertical migration and horizontal swimming capabilities, sensory 
capabilities, and environmental cue strength (reviews by Cowen 2002, Sponaugle et al. 2002, 
Cowen & Sponaugle 2009). Strong physical processes can lead to large variations in larval 
supply (Cowen 2002). Through active swimming behaviour, larvae may be able to counteract 
some of the variability in supply wrought by physical transport processes, however strong 
winds or flow regimes may result in considerable large changes in larval supply to a reef or 
may transport larvae away from favourable food environments (Cowen 2002, Cowen & 
Sponaugle 2009).  
Recent studies have indicated that local retention of larval fish can be high and the 
resulting population connectivity via larval dispersal may be overestimated in some cases 
(Cowen et al. 2000, Swearer et al. 2002). For example, in some species, adult movement may 
be of equal or greater importance for population connectivity and persistence than larval 
dispersal (Frisk et al. 2014). Movement of adult fishes can regulate the local density and 
structure of a population (Freiwald 2012). A robust scientific understanding of the spatial 
structure and connectivity of population networks and spatial variability in larval production 
and viability is essential in order to design effective marine management strategies.  
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1.2 IMPACTS OF FISHING  
 Fishing is a highly selective process because it targets a particular species in a 
particular area at a particular time of the day or year (Zhou et al. 2010). For example, some of 
the selective harvesting methods include nets with a specific mesh size that target fish of a 
certain size, or driftnets and long-lines that target bolder individuals (Biro et al. 2004, Biro & 
Post 2008). Consequently, fishing can alter the abundance of species and populations, size 
and age distribution, and sex ratios, and also food web and ecosystem structures with 
consequences for population growth and productivity. 
 
1.2.1 On the age and size structure 
Selective harvesting methods can directly affect the age and size structure of marine 
populations, as it is usually size-selective for larger individuals, due to their higher market 
value (Hsieh et al. 2010, Zhou et al. 2010). The removal of older, larger individuals can lead 
to a truncation of the age and size distributions of exploited populations (Trippel 1995, Levin 
et al. 2006, Fenberg & Roy 2008, Sharpe & Hendry 2009, Stewart 2011) and may cause a 
change in the distribution of phenotypes across the population network (Trippel et al. 1997, 
Olsen et al. 2004, Swain et al. 2007). The shift towards younger, smaller individuals may 
cause a decline in the population fecundity and reproductive success, as fecundity increases 
with female age and size as a function of body size. In some batch-spawning species, where 
females produce multiple batches of eggs or larvae per spawning season, older, larger 
females produce a higher number of batches than younger, smaller females (Fitzhugh et al. 
2012). Additionally, by directly removing older, larger individuals from the population, 
fishing may reduce the effect of bet-hedging strategies, and, therefore, indirectly decrease the 
overall reproductive success and population stability (Hixon et al. 2014). 
 Fishing is almost always size-selective, targeting larger sized individuals (Kuparinen 
et al. 2009). Consequentially, fishing is hypothesised to drive evolution towards earlier 
maturation at smaller size (Heino & Godø 2002, Law 2000). The age- and size-at-maturity 
can also be affected by overexploitation. By reducing the abundance of food-competitors, the 
energy supply for smaller, younger individuals may be increased, resulting in an earlier onset 
of maturation (Trippel 1995, Law 2000, Wootton & Smith 2015). However, somatic growth 
slows down after maturation, resulting in populations dominated by smaller, younger mature 
individuals, which can lower the overall reproductive output and success. Accordingly, 
gaining an understanding of the demographic structure of a population and how the 
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demography varies among networks of subpopulations is essential for accurately estimating 
population productivity. 
 
1.2.2 On the spatial structure 
 There is increasing evidence that more marine stocks should be considered as a 
network of subpopulations (Hutchings 2000, Kritzer & Sale 2004, Hutchinson 2008). 
Fishing, in most cases, is focussed on areas of high productivity and high abundance, 
considering only stock boundaries, but not the potential structure of the stock. The decrease 
in abundance of local populations can often result in the decrease of the spatial structure, i.e. 
the degree of variation in demographic variables among subpopulations, of exploited species 
(Hsieh et al. 2010, Ying et al. 2011). Eroding the spatial structure of a population network 
could result in increased recruitment variability and reproductive failure when the buffering 
effect of multiple spawning populations is taken away. The decline in spatial structure can 
also be detrimental to source-sink-population networks. If the source-population experiences 
a decline in abundance, particularly the abundance of larger, older individuals, the sink-
population may not be supplied with sufficient larvae, recruits, or adults to sustain, which 
can, consequentially, lead to the extinction of local subpopulations or the collapse of 
population networks (Pulliam 1988, Hutchings 2000, Hsieh et al. 2010). For the 
implementation of spatial management strategies and the interpretation of fluctuations in 
recruitment and abundance of marine fish populations, it is crucial to understand how and to 
which degree populations are connected. 
 
1.2.3 On the sex ratio 
 Many fish species display sexual dimorphism, where one sex is larger than the other. 
Those differences can lead to the unintentional sex-selectivity of size-selective harvesting 
methods (Rijnsdorp et al. 2010, van Walraven et al. 2010, Su et al. 2013). In sequential 
hermaphroditic species, sex-selective harvesting methods can have consequences for the 
timing of sex change. If sex-change is under social control, an individual is predicted to 
change sex based on its reproductive value as a male or female, relative to the size and sexual 
composition of other individuals in its mating group (Warner 1988, Munday et al. 2006). 
Typically, sex change does not occur among young, small individuals, when the number of 
individuals of the secondary sex is sufficient, and the sex ratio is near its optimum. Sex 
change can occur at smaller sizes when a mating group contains few individuals of the 
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secondary sex, or the sex-ratio is skewed from its optimum (Warner 1988, Munday et al. 
2006). Fisheries usually target the largest individuals within a population, which are often of 
the same sex in sequential hermaphrodites. Therefore, size-selective harvesting methods may 
shift the timing of sex-change to smaller sizes and younger ages and skew the sex-ratio 
towards one sex (Platten et al. 2002, Hawkins & Roberts 2003). For the effective 
management of marine fish populations, particularly sex-changing species, it is vital to 
determine the sex ratio, the length-at-sex-change, and to understand the mechanism behind 
sex-change. 
 
1.2.4 On the habitat and food web 
 It is well understood that the overexploitation of large predatory fish can cause trophic 
shifts, where the abundance of prey species increases and significant changes to the 
underlying food web apply (Pauly et al. 1998, Pinnegar et al. 2000, Mumby et al. 2006). For 
example, the overexploitation of snapper (Pagrus auratus) and red rock lobster (Jasus 
edwardsii) in rocky reefs has led to decreased predation pressure on kelp-grazing sea urchins 
(Evechinus chloroticus), creating “urchin barrens” with low primary productivity (Babcock et 
al. 1999, Salomon et al. 2008). Additionally, through the use of habitat degrading fishing 
methods such as bottom trawls and dredges, fishing affects not only the abundance of 
important species but also critical habitat (Dayton et al. 1995, Thrush et al. 1995, Jennings & 
Kaiser 1998, Turner et al. 1999). Mobile fishing gear that is towed across the seafloor can 
alter, remove, and destroy the three-dimensional structure of benthic reef habitat by the direct 
removal of biogenic reef formers, such as sponges, hydroids, bryozoans, tube worm mounts, 
and shell aggregates (Turner et al. 1999). In many cases, these structures represent important 
habitats for commercially and recreationally important fish species, provide refuge from 
predation and competition, physical and chemical stressors, and represent important food 
resources, nursery, and spawning habitats (reviews by Turner et al. 1999, Thrush & Dayton 
2002). Bottom fishing can cause the reduction of benthic biodiversity, species abundance and 
biomass, and changes in species composition (Tillin et al. 2006, Hinz et al. 2009, Svane et al. 
2009), and there is evidence that through adverse effects on the habitat and prey abundance, 
bottom fishing can influence individual growth rates and condition of fishes (Jiang & 
Carbines 2002, Shephard et al. 2010, Hiddink et al. 2011). Accordingly, it is vital to 
understand the trophic structure of marine fish populations and how habitat degradation 
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might affect trophic interactions in order to interpret spatial differences in demography and 
population productivity and to develop effective management strategies. 
 
1.3 FISHERIES MANAGEMENT IN NEW ZEALAND 
 With an area of 4.3 million square kilometres, approximately 15 times its landmass, 
New Zealand has one of the largest Exclusive Economic Zone (EEZ) world-wide. Fisheries 
within the EEZ are managed under the Quota Management System (QMS), first introduced in 
1986. Approximately 100 species and groups of species of fishes, invertebrates, and 
seaweeds, encompassing 638 stocks, are currently managed under the QMS through total 
allowable catches (TAC) and total allowable commercial catches (TACC). TACCs are 
allocated as individual transferable quota (ITQ); thus, the QMS is basically a single-species 
management system (Cryer et al. 2016). In 2020, Fisheries New Zealand reported a 
commercial catch of just above 321 thousand tonnes, composed of 170 species of which 138 
species are managed under the QMS (Fisheries New Zealand 2020). Stock boundaries for 
each species were established based on the 10 Fishery Management Areas (FMAs) from the 
sub-Antarctic waters in the south to the Kermadec Islands in the north. Stock boundaries 
were considered to be the same as the FMAs based on the available knowledge of fish 
distribution, life history, and population connectivity. Significant commercial stocks are 
assessed regularly, however, criticism has arisen in recent years, pressuring for intensified 
stock assessments, a better assessment of by-catch, discard and habitat degradations, and the 
incorporation of trophic structure to fulfil the requirements for ecosystem-based management 
(Simmons et al. 2016, Slooten et al. 2017, Durante et al. 2020). 
 Recreational fisheries are managed through several strategies including minimum 
landing sizes, bag limits, slot limits, temporal and spatial closures, which differ among 
species and management areas. To protect biodiversity, including the diversity of habitats, 
ecosystems, and species (Helson et al. 2010), 44 marine reserves have been established in 
New Zealand’s territorial sea (12 nautical mile limit) since 1975. Additionally, since 2007, 
32% of New Zealand’s EEZ is protected by Benthic Protection Areas, where trawling and 
dredging are prohibited. Marine protected areas (MPAs), and closures to trawling and 
dredging have been a successful tool to increase the abundance of exploited species (Pande et 
al. 2008, Pande & Gardner 2012, Jack & Wing 2013, Wing & Jack 2013) and to aid the 
recovery of critical biogenic habitats (Carbines & Cole 2009, Costello 2014, Mello et al. 
2020). In order to improve current management strategies and to aid the design and 
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implementation of further marine protected areas, it is essential to collect information on the 
demographic and spatial variability in population structure, and the reproductive variability 
among individual fish and subpopulations of marine fishes. This information will aid in 
protecting populations with a reproductive surplus supporting populations with a lower 
reproductive output and thereby ensuring population sustainability.  
 
1.4 STUDY SPECIES 
 Blue cod (Parapercis colias), a broadcast spawning fish with a short pelagic larval 
duration, and sea perch (Helicolenus percoides), a viviparous fish with a prolonged larval 
pelagic phase of up to 50 days, show contrasting reproductive strategies while they have 
otherwise similar life histories. Both are considered slow growing and late maturing and 
adults of both species show high site fidelity and little movement with a high degree of 
spatial population structure along the New Zealand coast. The production of viable larvae 
seems to be essential for population connectivity and maintenance in both species. Therefore, 
in the present study, I focussed on the demographic and spatial structure, and reproductive 
variability of these two commercially and recreationally caught coastal fishes of New 
Zealand. 
1.4.1 Blue cod  
Blue cod Parapercis colias, Forster 1801 (Māori name: Rawaru) are endemic to New 
Zealand. They are found throughout New Zealand but are more common around the South 
Island and the Chatham Islands. After snapper (Pagrus auratus) and kahawai (Arripis trutta), 
blue cod are the third most popular recreationally caught finfish species nation-wide, and the 
most important recreational finfish in the South Island and the Chatham Islands (Fisheries 
New Zealand 2019). Blue cod are protogynous hermaphrodites (Brandt et al. 2017). They are 
thought to live in a harem structure where a large male shares its territory with a few females 
and juveniles (Mutch 1983, Carbines 2004). Tagging experiments have indicated that blue 
cod stay within a small home range, with some exceptions where travel of up to 156 km has 
been observed (Mace & Johnston 1983, Carbines & McKenzie 2001, 2004). Size-at-maturity 
varies with latitude, with blue cod maturing earlier and at smaller lengths around the North 
Island (10 – 19 cm, approximately 2 years) and in central New Zealand (21 – 26 cm, 3 – 6 
years) than in southern New Zealand (26 – 28 cm, 4 – 5 years) (Fisheries New Zealand 
2019). Males are thought to grow faster than females, but growth can be influenced by sex, 
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habitat quality, and fishing pressure (Jiang & Carbines 2002, Carbines 2004, Carbines et al. 
2004).  
 Due to its commercial and recreational significance in New Zealand, blue cod are 
managed under the QMS, and there is a range of recreational harvest control methods. Blue 
cod have been commercially exploited since the 1930s and are one of the most valuable 
domestic fisheries, valued at 168 million $NZ in 2019 (Stats NZ 2020). Since 1995, total 
commercial catches have exceeded 2000 tonnes and peaked at 2501 tonnes in 2005. Since 
then, the total commercial catches had declined to 2049 tonnes in 2018. The most important 
commercial fishing grounds for blue cod are southern New Zealand and sub-Antarctic waters 
(BCO 5; TACC: 1239 tonnes), the Chatham Islands (BCO 4; TACC: 759 tonnes), and the 
east coast of New Zealand’s South Island (BCO 3; TACC: 163 tonnes) (Fisheries New 
Zealand 2019) (Fig. 1.1). To control the recreational harvest of blue cod minimum landing 
sizes (MLS), method restrictions, daily bag limits, and temporal closures are used. Under the 
National blue cod strategy in 2020, the MLS was set to 33 cm for blue cod nation-wide, 
except for the upper North Island where the MLS remains 30 cm, recreational cod pots 
require a minimum mesh size of 54 mm, and daily bag limits now follow a traffic light 
system (red areas = 2 blue cod, orange areas = 10 blue cod, green areas = 15 blue cod per 
day) (Fisheries New Zealand 2018). Specific regulations on bag limits apply to marine 








Figure 1.1. Blue cod (Parapercis colias) management zones around New Zealand (Fisheries 
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1.4.2 Sea perch  
Sea perch Helicolenus percoides, Richardson & Solander 1842 (Māori name: 
Pohuiakaroa) are widely distributed in New Zealand and southern Australian waters (Fig. 
1.2). They inhabit depths from the shoreline to 1200 m but are most common between 150 
and 500 m. Male sea perch mature at 19-25 cm (5 – 7 years), females mature between 15 and 
20 cm (~ 5 years) (Paul & Francis 2002). Sea perch are viviparous, with internal fertilisation, 
however, it is unknown when mating occurs in New Zealand waters. Females extrude small 
larvae during the Austral summer from November to February (pers. obs.). It was previously 
believed that there were two species of sea perch, H. percoides and H. barathri in New 
Zealand waters. Genetic studies have shown that throughout coastal New Zealand, despite 
colour variations, the species is H. percoides (Smith et al. 2009). H. barathri is only found to 
the west of New Zealand on the Challenger Plateau (Smith et al. 2009). In Australia, sea 
perch are managed and targeted as a single stock that includes two species: the inshore reef 
ocean perch (H. percoides) and the offshore bigeye ocean perch (H. barathri) (Patterson et al. 
2018). In New Zealand, adult sea perch are thought to be vulnerable to exploitation due to the 
sedentary lifestyle of adults that form distinct subpopulations along the coast (Lewis 2008, 
Lawton et al. 2010). 
Sea perch were introduced into the New Zealand QMS in 1998 (Fisheries New 
Zealand 2019). There is no target sea perch fishery, however, sea perch are frequently caught 
as by-catch. Until recently, the majority of caught sea perch was likely not reported and 
discarded by domestic as well as foreign vessels (Fisheries New Zealand 2019). It is 
estimated that 75% of all landed sea perch are caught as by-catch in trawl fisheries off the 
east coast of the South Island, including the Chatham Rise (Fisheries New Zealand 2019). In 
2000, the TACC for sea perch along the east coast of New Zealand was increased from 738 to 
1000 tonnes. Sea perch are not a favoured species by recreational fishers in New Zealand, 
however, they are widely caught. There are virtually no recreational harvest management 
methods apart from an MLS of 26 cm and a combined bag limit of 20 individuals in the 
Kaikoura Marine Area. Similarly, in Fiordland, there is a combined bag limit of 10 sea perch 
(Fisheries New Zealand 2019). The quality of sea perch as an eating fish has been 
increasingly recognised in New Zealand, and they are now less likely to be discarded 
(Fisheries New Zealand 2019). There are no available data on stock boundaries in New 
Zealand or direct species assessment surveys. Abundance and biomass estimates are only 
available from mixed species trawl surveys. The relative biomass of sea perch along the east 
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coast of New Zealand is estimated at approximately 2000 tonnes in 2018 (Fisheries New 
Zealand 2019). Due to the lack of stock monitoring, it is unknown if current catch levels of 
sea perch are sustainable.  
 
 
Figure 1.2. Computer-generated distribution maps for sea perch (Helicolenus percoides) in 
(A) Australia and (B) New Zealand. www.aquamaps.org, version 10/2019. Accessed 3 Oct. 
2020. 
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1.5 THESIS AIMS & STRUCTURE 
 For effective ecosystem-based fisheries management to be implemented, it is crucial 
to understand the demographic and spatial variability of marine fish populations, variability 
in reproductive output among individuals and populations, links between habitats and fish 
species, and how fish respond to anthropogenic stressors. Therefore, the primary motivation 
for the present thesis was to add to our understanding of how differences in habitat quality 
affect marine fish populations, specifically how demographics and reproductive output are 
affected.  
There is little information on the population demographics and structure of blue cod 
in the Marlborough Sounds and Tasman Bay, and how the population has been affected by 
extensive fishing and habitat degradation, therefore, the following questions were asked: 
  How are populations of blue cod within the Marlborough Sounds and Tasman 
Bay demographically structured? 
  Has extensive exploitation affected the sex ratio and the length-at-sex-change? 
  Has habitat degradation in Tasman Bay affected the trophic niche of blue cod? 
  How are populations in the Marlborough Sounds and Tasman Bay connected? 
  Do blue cod from the inner and outer Marlborough Sounds exhibit a source-sink 
dynamic? 
Similarly, information on the reproductive biology of sea perch is scarce, and 
available information is anecdotal. To collect information on the reproductive biology of sea 
perch, maternal investment and on the link between maternal nutrition and larval quality, the 
following questions were asked: 
  Does fecundity in sea perch increase with maternal age, length, and weight? 
  Does larval viability improve with maternal age, length, and weight? 
  Do reproductive output and success vary spatially? 
  Is larval success connected to maternal nutrition? 
 
This thesis comprises five empirical data chapters, followed by a general discussion: 
Chapter 2 - Population demographics of a protogynous, commercially important temperate 
reef fish (Parapercis colias, Pinguipedidae) in the Marlborough Sounds,  
New Zealand 
Chapter 1  Introduction 
14 
 
 In Chapter 2, I examined the population structure of five blue cod subpopulations 
within the Marlborough Sounds and Tasman Bay. I compared growth, sex ratio, length-at-
sex-change, and population fecundity estimates among the five subpopulations and then 
between the pooled populations from the top of the South Island and Fiordland. 
 
Chapter 3 - Habitat degradation drives spatial differences in trophic niche breadth in blue 
cod subpopulations in the Marlborough Sounds and Tasman Bay 
 In Chapter 3, I used stomach content and stable isotope analysis to elucidate the 
trophic ecology of blue cod subpopulations. Specifically, I estimated the basal organic matter 
sources, isotopic niches, and investigated ontogenetic changes in basal organic matter sources 
and prey preferences.  
 
Chapter 4 - Using otolith trace elemental signatures to resolve movement patterns and 
connectivity of blue cod (Parapercis colias) subpopulations in coastal environments 
 In Chapter 4, I used otolith trace elemental signatures and multivariate statistical 
analysis to estimate the connectivity patterns and potential larval sources of blue cod among 
the five sampled subpopulations in the Marlborough Sounds and Tasman Bay. 
 
Chapter 5 - Maternal age, length and weight influence larval characteristics and viability in 
the viviparous temperate reef fish Helicolenus percoides 
 In Chapter 5, I investigated maternal investment in sea perch. I used female sea perch 
of different sizes and ages and compared the notochord length and oil globule volume on the 
day of parturition, growth, and viability of their larvae in fed and unfed experimental 
treatments. 
Publication status: A modified version of this chapter has been accepted for publication by 
Marine Ecology Progress Series: Kolodzey, S., Wing, S.R., & Durante, L.M. Maternal age, 
length and weight influence larval characteristics and viability in the viviparous temperate 
reef fish Helicolenus percoides. https://doi.org/10.3354/meps13542  
Author contribution: SK designed the study, conducted the field- and laboratory work, 
analysed the data, and wrote the manuscript. LMD assisted during the field- and laboratory 
work, SRW supervised SK and wrote the manuscript. 
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Chapter 6 - Spatial differences in reproductive output and larval success of sea perch 
(Helicolenus percoides, Sebastidae) identified by fatty acid biomarkers 
In Chapter 6, I described differences in larval characteristics on the day of parturition 
and larval growth between cohorts of larvae produced by female sea perch from the Otago 
shelf and Fiordland. I used fatty acid biomarkers to identify differences in maternal nutrition 
and larval adaptations linked to differences in habitat type in Fiordland and the Otago shelf.  
Publication status: A modified version of this chapter has been submitted to the Journal of 
Experimental Marine Ecology and Biology: Kolodzey, S., Durante, L. M., Sabadel, A. J. M., 
Wing, S. R. Spatial differences in reproductive output and larval success of sea perch 
(Helicolenus percoides, Sebastidae) identified by fatty acid biomarkers. Under review 
Author contribution: SK designed the study, conducted the field- and laboratory work, 
analysed the data, and wrote the manuscript. LMD assisted during the fieldwork, AJMS 
assisted during the laboratory work, SRW supervised SK and wrote the manuscript. 
 
Chapter 7 - Synthesis and Conclusion 
 In Chapter 7, I connected the key findings and conclusions from the previous 
chapters, proposed management implications for blue cod and sea perch, and outlined future 























Population demographics of a protogynous, 
commercially important temperate reef fish 
(Parapercis colias, Pinguipedidae) in the 
Marlborough Sounds, New Zealand 
 
 
Blue cod (Parapercis colias) and spotties (Notolabrus celidotus) in the Marlborough Sounds, 
both protogynous species, photographed during a fish survey dive in February 2018 
 
Photo: J. Udy 




The selective removal of older, larger individuals from a fish population can truncate 
and shift the age and length structure towards smaller, younger individuals. The loss of the 
old-growth age structure may weaken resilience against environmental and anthropogenic 
challenges of a population. Protogynous species, such as blue cod (Parapercis colias), an 
endemic species to New Zealand that is subject to both commercial and recreational harvest, 
are particularly vulnerable to size-selective harvesting methods. In the present study, the 
population demographics of five blue cod subpopulations were compared among regions with 
high fishing pressure in the Marlborough Sounds and Tasman Bay, New Zealand. The 
cumulative population fecundity was then compared to that observed in a relatively pristine 
population in Fiordland. The results demonstrated that length-frequency distributions among 
exploited subpopulations were truncated toward smaller individuals. Populations in four of 
the five regions were male-dominated. The length-at-sex-change was smallest for regions 
with a particularly high recreational harvest. Batch fecundity increased significantly with 
length and weight. The cumulative batch fecundity, modelled for a hypothetical population of 
200 individuals, was highest in the outer Marlborough Sounds. However, when adjusted for 
the sex ratio, the highest cumulative batch fecundity was estimated for a different region with 
a higher proportion of females. The results of the present study highlight the potential effects 
of long-term overexploitation on the size structure, sex ratio, and consequent reproductive 
output of blue cod in the Marlborough Sounds and Tasman Bay. For effective and sustainable 
management, size-sensitive management strategies are needed to avoid a further decline in 
length structure and increases in recruitment variability of the populations.  
 













 Growth, mortality, and recruitment drive variation in abundance and biomass of 
marine populations (Hamilton et al. 2011b, Stawitz & Essington 2019). Across vast 
geographic areas, populations may encounter large variations in environmental conditions as 
well as in fishing mortality, resulting in regionally distinct demographic structures of 
subpopulations. The extent of demographic variation among subpopulations is often poorly 
understood. Assessing the impacts of fisheries on marine populations (e.g. population 
variability, life history, maternal effects) has been the subject and aim of a large number of 
studies during the past century (Hjort 1914, Graham 1935, Schaefer 1954, Beverton & Holt 
1957, Beverton 1963, Cushing 1975, Myers et al. 1995, Berkeley et al. 2004b, Hixon et al. 
2014). Fishing can result in the selective removal of older, larger individuals from a 
population, and can, thereby, truncate a population towards younger and smaller individuals, 
and reduce the spatial heterogeneity of exploited populations (e.g. Jack & Wing 2010). 
Consequently, fishing can destabilize populations and increase the risk of local extinction. A 
healthy, heterogeneous age/size and spatial structure increase the probability that fish 
populations can withstand variability in environmental conditions and fishing pressure 
(Berkeley et al. 2004b, Hsieh et al. 2010). To understand fluctuations in abundance, and to 
implement appropriate management strategies, it is vital to understand how marine fish 
populations respond to long- and short-term exploitation. 
 Many marine populations are spatially structured across their distribution range, 
exhibiting spatial variation in demographic parameters, such as growth or the timing of 
reproduction (Berkeley et al. 2004b, Hsieh et al. 2010). Spatial heterogeneity can increase the 
stability and resilience of a species by buffering recruitment fluctuations (Berkeley et al. 
2004b, Thorson et al. 2018). Fluctuations in recruitment can occur due to the overall 
reduction in fecundity linked to the truncation of size distributions and reduction in density as 
a result of high fishing mortality (Hsieh et al. 2006, Anderson et al. 2008). A decline in the 
length- and age-at-maturity in overharvested populations has been described as a 
compensatory response to maximize population fitness (Trippel 1995). The fishing induced 
decrease in density results in less intraspecific competition. Individuals can find adequate 
nutrition to support increased somatic growth and gonadal development, resulting in younger 
ages and smaller lengths at maturity (Trippel 1995, Rose et al. 2001). However, the reduction 
of population size and density can have a negative impact on the reproductive success, as a 
result of suppressed recruitment, slow recovery rates, and local extinction (Liermann & 
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Hilborn 2001). In small populations, fertilization probabilities may be reduced when adults 
are unable to locate mates during the reproductive season, or if delays in locating a suitable 
mate delay spawning events to a time inadequate for egg and larval development (Rowe & 
Hutchings 2003).  
 Fecundity has been shown to increase geometrically with maternal length in several 
teleost species (Hislop 1988, Marteinsdottir & Begg 2002, Sogard et al. 2008, Mehault et al. 
2010, Dick et al. 2017). However, in some species, the selective harvesting of older, larger 
individuals has been shown to further increase recruitment variability due to the loss of 
maternal effects provided by older, larger females (Longhurst 2002, Berkeley et al. 2004b a, 
Birkeland & Dayton 2005, Green 2008, Hixon et al. 2014). Older, larger females can extend 
the spawning season or spawn earlier than younger, smaller females (Bobko & Berkeley 
2004, Wright & Gibb 2005, Sogard et al. 2008). Egg and larval size, used as a proxy for 
quality, were also found to increase with maternal age and length (Marteinsdottir & 
Steinarsson 1998, Johnston & Leggett 2002, Kindsvater et al. 2012). For example, in the 
black rockfish (Sebastes melanops), it has been demonstrated that older females produced 
offspring that grew faster than offspring produced by younger females (Berkeley et al. 
2004a). Therefore, reducing the average length and age of a population can have adverse 
effects on the viability and stability of the population (Hsieh et al. 2006, Hixon et al. 2014).  
 In addition to altering the length and age distribution of populations, fishing can also 
alter the sex ratio, by skewing the sex ratio towards one sex and thereby reducing the 
reproductive potential of a population (Rowe & Hutchings 2003). Sequential hermaphroditic 
species are particularly vulnerable to size-selective harvesting methods, which are often 
indirectly sex-selective. Sex-selective harvesting may increase the bias towards one sex and 
can, therefore, drastically reduce reproductive rates and fertilization success (Armsworth 
2001, Alonzo & Mangel 2004, Hamilton et al. 2007). Sex change can be induced by social 
mechanisms, such as the presence of a dominant male, or the length of an individual relative 
to others of its social group (Shapiro 1980, Ross 1990). It is thought that, if large individuals 
of the terminal sex are present or the sex ratio is near-optimal, sex change among small 
individuals will be delayed (Matthias et al. 2019). If the number of terminal sex individuals is 
reduced, or the sex ratio skewed severely from its optimum, sex change may occur at smaller 
lengths and younger ages (Hamilton et al. 2007, Caselle et al. 2011). A shift in the timing of 
sex changes towards smaller lengths and younger ages due to the selectivity harvesting of 
larger individuals has been reported for some species in exploited protogynous 
hermaphrodites (Muñoz & Warner 2003, Hamilton et al. 2007, Caselle et al. 2011). This 
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process has important implications for how fisheries mortality on large individuals in the 
population adversely affects fecundity, particularly in protogynous species. 
 The present study focussed on the demographic structure of blue cod (Parapercis 
colias, Forster 1801), a temperate reef fish in the family Pinguipedidae (sandperches and 
weevers). Endemic to New Zealand, blue cod are distributed around the North and South 
Islands but are most abundant around the South Island and Stewart Island (Carbines 2004, 
Cole et al. 2012). In the South Island, blue cod are one of the most important commercial and 
recreational species (Carbines 2004). Blue cod are protogynous hermaphrodites, with 
individuals maturing as male or female initially and some females changing into males later 
in life (Carbines 2004, Brandt et al. 2017). They are thought to live in a harem structure 
where males share their territory with three to five females (Mutch 1983). Little is known 
about the spawning behaviour, although a pelagic phase of approximately ten days for eggs 
and larvae has been suggested (Rapson 1965 in Carbines 2004). Adult individuals are 
relatively sedentary with limited adult dispersal among rocky reefs (Rodgers & Wing 2008, 
Beer et al. 2011b, Beer & Wing 2013). Recapture studies have indicated that adult blue cod 
typically travel distances of less than 1 km, however, some long-range travel of up to 156 km 
has been documented (Mace & Johnston 1983, Cole et al. 2000, Carbines & McKenzie 
2001). Due to the short larval pelagic phase, limited adult dispersal, and high territoriality a 
high level of localized population structures has been observed among individual rocky reefs 
(Mace & Johnston 1983, Carbines & McKenzie 2001). For example, genetic comparisons of 
populations of blue cod in New Zealand demonstrated that the genetic similarity decreased 
with increased geographic distance (Smith 2012, Gebbie 2014). The discrete spatial structure 
and protogynous reproductive strategy underpin the vulnerability of blue cod to 
overexploitation.  
 The Marlborough Sounds, a series of drowned river valleys, and Tasman Bay are 
located at the top of the South Island of New Zealand (Fig. 2.1). The area is popular for 
recreational activities, particularly fishing. Recreational harvest accounted for approximately 
75 tonnes of blue cod landed in 2015/2016, the second-largest recreational blue cod fishery in 
the country (Hartill et al. 2017). The commercial blue cod fishery, confined to the outer 
Marlborough Sounds and Cook Strait, reported landings of 50-70 tonnes per annum over the 
last ten years (Fisheries New Zealand 2019). Potting surveys to monitor the blue cod 
populations have been carried out since 1995. By 2001, results from the surveys indicated 
that the abundance of blue cod in the Marlborough Sounds had halved and continued to 
decline until 2007 (Cole et al. 2000, Davidson 2001, Fisheries New Zealand 2019). In 2008, a 
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two-year fishing closure for blue cod was implemented in the inner Marlborough Sounds, 
which was followed by an increase in abundance during subsequent surveys (Fisheries New 
Zealand 2019). Following the closure, the minimum landing size (MLS) was increased from 
300 to 330 mm, and the daily bag limit decreased from three to two fish (Fisheries New 
Zealand 2019). As a result of the closure and changes in MLS, the estimated recreational blue 
cod harvest decreased from ~148 tonnes in 2008 to ~75 tonnes in 2017 (Davey et al. 2008, 
Hartill et al. 2017).  
In the present study, the population structure and demographics of blue cod from five 
regions of Marlborough Sounds and Tasman Bay were investigated, and the reproductive 
output of this fished population was compared to that of a relatively unfished population in 
Fiordland. The specific aims were to 1) analyse and compare the length-frequency 
distributions of blue cod from five regions within the Marlborough Sounds and Tasman Bay, 
and 2) to investigate differences in growth and mortality among these regions. Further, 3) the 
sex ratio, length-at-sex-change, and fecundity of blue cod in the Marlborough Sounds and 
Tasman Bay were investigated, and then 4) the reproductive output of the fished blue cod 
population in the Marlborough Sounds region was compared to the reproductive output of a 
relatively unfished blue cod population from Fiordland. Here, previously collected data on 
the blue cod population in Fiordland by Beer & Wing (2013) and Wing (unpublished data) 
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2.2 MATERIALS AND METHODS 
2.2.1 Sampling 
Blue cod were sampled during two research cruises on the RV Polaris II to the 
Marlborough Sounds and Tasman Bay during February and November 2018 (Fig. 2.1). A 
total of 681 blue cod were sampled from 18 sites outside and within the Marlborough Sounds 
and Tasman Bay (Table 2.1). The sample sites were divided into regions: inner Marlborough 
Sounds, outer Marlborough Sounds, inner Tasman Bay, outer Tasman Bay and D'Urville 
Island. Regional grouping within the Marlborough Sounds was based on the distance to the 
entrance of the Sounds, i.e. the inner Marlborough Sounds regions were located out of sight 
of the Sound entrance, the outer Marlborough Sound regions were at the entrance. Note that 
while the maximum among-site distance was large, they may be linked by larval dispersal via 
the Cook Strait. The majority of blue cod were sampled using modified commercial cod pots 
with small mesh size (20 and 10 mm), with squid as bait. Some individuals were sampled by 
hook and line fishing (hook size 6/0) (Carbines 1999). Total length (TL ± 1 mm) of each 
sampled blue cod was recorded. The majority of sampled fish were released alive. A 
subsample of 5 fish per 1cm length class was retained for age-at-length, sex ratio, and 
fecundity analysis. Blue cod in each subsample were humanely euthanized using the Iki-
method (Close et al. 1997) under University of Otago ethics protocol AUP-18-193.  
Population demographics of blue cod sampled from the Marlborough Sounds and 
Tasman Bay were compared to those of blue cod from Fiordland, sampled by Wing et al. 
(2012). Blue cod from Fiordland were sampled using hook and line fishing in 2000, 2002, 
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Figure 2.1. Map of (A) New Zealand with highlighted study regions Marlborough Sounds 
(red) and Fiordland (blue), and (B) the Marlborough Sounds and Tasman Bay. Inner and 
outer Marlborough Sound sites are marked as grey downward-pointing triangles and blue 
upward-pointing triangles, respectively. Inner and outer Tasman Bay sites are marked as 
yellow square and orange diamonds, respectively. The D'Urville Island site is marked as a 
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Table 2.1. Overview of the sample sites per region in the Marlborough Sounds and Tasman 
Bay with longitudes and latitudes, total sample size (n) of blue cod per site, and sample size 
of blue cod kept per site in parentheses. 
Month Region Site Latitude Longitude n 
February Inner Marlborough 
Sounds 
The Knobbys 41°18.41 174°09.91 1 (1) 
February Inner Marlborough 
Sounds 
Clay Point (1) 41°14.15 174°14.29 8 (8) 
February Inner Marlborough 
Sounds 
Te Punga Bay 41°14.85 174°14.05 3 (3) 
February Inner Marlborough 
Sounds 
Erie Bay 41°14.60 174°12.09 2 (1) 




41°13.87 174°08.74 20 (0) 
February Inner Marlborough 
Sounds 
Perano Shoal 41°13.55 174°06.09 1 (0) 
February Inner Marlborough 
Sounds 
Ruakākā Bay 41°12.72 174°08.57 25 (5) 
February Inner Marlborough 
Sounds 
Kauauroa Point 41°02.56 173°58.51 8 (8) 




40°58.18 173°57.10 47 (5) 
February Inner Marlborough 
Sounds 
Bird Island 40°59.50 174°02.17 36 (5) 
February Outer Marlborough 
Sounds 
Cape Campbell 41°43.99 174°17.30 11 (11) 




41°06.71 174°19.73 25 (3) 
February Outer Marlborough 
Sounds 
Clay Point (2) 40°53.35 173°58.85 153 (11) 
February Outer Marlborough 
Sounds 
Billhook Point 40°42.13 173°57.57 9 (9) 
February Outer Marlborough 
Sounds 
Old man's head 40°47.84 173°57.31 103 (40) 
November Outer Tasman Bay Separation 
Point 
40°48.27 173°01.58 88 (88) 
November Outer Tasman Bay Hapuka Reef 40°57.82 173°04.01 15 (14) 
November Inner Tasman Bay Cape Soucis 41°04.24 173°33.64 52 (46) 
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2.2.2 Length-frequency distribution 
The length-frequency distribution for each region was estimated by measuring each 
sampled blue cod to the nearest millimetre. A Kolmogorov-Smirnov (K-S) approximate test 
was conducted to compare length-frequency distributions statistically (Sokal & Rohlf 1981). 
The K-S test has the null hypothesis that two samples are identical in their distribution and 
sensitive to differences in location, dispersion, and skewness. The difference between 








where d = the calculated value of the difference between two distributions, n1 and n2 = the 
sample size of region 1 and 2 and, F1 and F2 = the cumulative frequencies for samples 1 and 












where α = the significance level (i.e. 0.05), n1 and n2 = the sample size of sample 1 and 2. 
Two distributions are considered significantly different in their shape when d > D0.05. 
 
2.2.3 Growth and mortality 
The sagittal otoliths were removed by cranial dissection to determine the age (years) 
of blue cod. Otoliths were rinsed in deionized water and transferred to sterile Eppendorf-
tubes. One of each pair of otoliths was embedded in K36 epoxy resin (Epoxy Kit, Nuplex 
Industries Inc., Auckland, New Zealand) and transverse sections (~1.5 mm thickness) were 
cut through the primordium using a Buehler Isomet low-speed diamond-bladed saw. The 
sections were mounted on glass slides using crystalbond 509 (Amerco Products Inc., NY). 
The otoliths were then ground using wet-dry sandpaper (grades P600 and P800) until the 
yearly growth increments were clearly visible. The slides were polished using ultrafine 
sandpaper (grade P1500) in combination with alumina silicate polishing powder. Ages were 
estimated from photomicrographs of sectioned otoliths under transmitted light. Only opaque 
zones (winter growth) bordered by translucent zones (summer growth) on both sides were 
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counted. Image processing software (ImageJ) was used to improve the contrast and clarity of 
images and to allow for a more accurate reading of the annual growth increments.  
Growth models were constructed using the von Bertalanffy growth model (von 
Bertalanffy 1934): 
𝐿𝑡 =  𝐿∞(1 −  𝑒
−𝑘(𝑡−𝑡0) (2.4) 
where Lt = Length at time t, L∞ = the asymptotic length (i.e. the length an individual would 
reach if it would grow to an infinite age), k = the growth constant expressing the rate at which 
length approaches the asymptote, t0 = the theoretical age of settlement of an individual at zero 
size (this can be negative for species with large larvae). Optimal values for L∞ and k were 
obtained by minimizing residual sums of squares with the Solver application (Frontline 
System Inc.) for Microsoft Excel (Microsoft Office 365 ProPlus) after Haddon (2001). The 
parameter t0 was set to zero for all models. Equation 2.4 was rearranged to estimate the age at 
the minimum landing size (MLS; 330 mm for blue cod in the Marlborough Sounds and 





where t330 is the age at MLS, Lt is the length at time (330 mm), L∞ is the asymptotic length, 
and k is the von Bertalanffy growth constant. 
For each subpopulation, the mortality rate (Z) was calculated using log-linear 
regressions of the age-frequency data, where Z is the regression slope (e.g. Haddon 2001, 
Robertson et al. 2005, Caselle et al. 2011). Blue cod younger than the peak age in each 
subpopulation were excluded from calculations. Following Ricker (1975) estimates of the 
annual survival rates (S) were then calculated as: 
𝑆 = 𝑒𝑥𝑝(−𝑍) (2.6) 
 
2.2.4 Sex ratio 
 Blue cod were sexed macroscopically, and female gonads were retained for fecundity 
analysis (see Section 2.2.5). The sex ratio was calculated as the ratio of males to females 
(male:female), and as the proportion of males and females for each region. Juvenile fish were 
excluded from the analysis. The length-at-sex-change or the length at which males dominated 
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the population L50♂ (length at 50% male) was estimated using logistic regressions in JMP 11 
(SAS Institute Inc., Cary, North Carolina, USA).  
 
2.2.5 Fecundity 
Total length and wet weight were recorded for all females before the ovaries were 
carefully removed, without rupturing the ovarian membrane. During the November 2018 
cruise weight (WW) was calculated using the recorded total length (TL) and the length-
weight relationship of female blue cod from Tasman Bay from Blackwell (2006) as: 
𝑊𝑊 =  0.0011693 ∗ 𝑇𝐿3.087097 (2.7) 
The ovaries were stored in individually labelled containers and fixed in 2% seawater 
buffered formalin, a concentration that has been shown to preserve oocytes with minimal 
changes to the size and appearance (Lowerre-Barbieri & Barbieri 1993). Fecundity was 
estimated using the gravimetric method (Beer et al. 2013). Four subsamples of 0.03-0.05 g 
were taken from the left ovarian lobe. Subsamples were weighed to the nearest 0.001g, 
transferred into Eppendorf tubes containing distilled water and shaken gently to release all 
oocytes from the ovarian lumen. Subsamples were analysed using a Bogorov-counting-
chamber under a dissecting microscope. The number of hydrated oocytes, recognizable by 
their size, transparency, and large yolk sac, was recorded (Fig. 2.2). Batch fecundity (FB) was 
calculated: 




where FS is the number of hydrated oocytes in the subsample, WO is the ovary weight, and WS 
is the subsample weight. The average batch fecundity and standard deviation of subsamples 1 
and 2 were calculated and used to determine the coefficient of variation (CV). If the CV 
exceeded 5%, additional subsample pairs were analysed. Additional pairs of subsamples were 
taken until the CV was <5%. The relationship between FB and total length (TL) and weight 
(WW) was determined as follows: 
𝐹𝐵  =  𝑎 ∗ 𝑊𝑊
𝑏                 𝐹𝐵  =  𝑎 ∗ 𝑇𝐿
𝑏 (2.9) 
Relative batch fecundity (FWW and FTL) for subpopulations from the different regions 
was calculated with length (TL) and weight (WW) as: 










2.2.5.1 Cumulative fecundity 
The cumulative batch fecundity for a hypothetical population of 200 individuals was 
modelled for each of the five regions according to the observed length-frequency distribution 
and the relationship between total length and fecundity. No blue cod smaller or larger than 
the observed smallest and largest gravid females were included in the analysis. The 
relationship between FB and total length (retrieved from Equation 2.9) was used to calculate 
individual batch fecundity (Findv): 
𝐹𝑖𝑛𝑑𝑣 = 8 × 10
−7 × 𝑇𝐿3.9827 (2.11) 
The cumulative batch fecundity (FC) was then calculated as the sum of the individual 
modelled batch fecundity for each subpopulation: 
𝐹𝐶 = ∑ 𝐹𝑖𝑛𝑑
𝑛
𝑖=1   (2.12) 
As regions may differ in egg production based on spatial differences in the sex ratio, 
the Fpop was then adjusted for the sex ratio: 
𝐹𝑎𝑑𝑗 =  𝐹𝐶 × 𝑟𝑎𝑡𝑖𝑜 𝐹: 𝑀 (2.13) 
where Fadj is the cumulative batch fecundity adjusted for the sex ratios F:M (females:males) 
that were observed in each region: inner Marlborough Sounds = 0.385, outer Marlborough 
Sounds = 0.229, inner Tasman Bay = 0.792, outer Tasman Bay = 0.257, and D’Urville Island 
= 1.519. 
 
2.2.6 Oocyte condition 
Hydrated oocytes were dissected from the gonads of gravid female blue cod (Fig. 
2.2). A photomicrograph was taken, and the diameter (random axis to the nearest μm) of a 
subsample of ten of the most developed oocytes and the yolk sac was measured using ImageJ. 
The average diameter of the oocytes and the yolk sac were calculated. 
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Figure 2.2. Blue cod oocytes under a dissecting microscope (x40 magnification). 
 
2.2.7 Reproductive output comparison Marlborough Sounds vs Fiordland 
 To compare the reproductive output of the blue cod population from the Marlborough 
Sounds to that of the population from Fiordland, length-frequency distributions were 
calculated for both areas. For the Marlborough Sounds area, data were pooled across the five 
regions (inner and outer Marlborough Sounds, inner and outer Tasman Bay, and D'Urville 
Island). Length-frequency and sex ratio data for blue cod from Fiordland were collected 
between 2000 and 2004 among multiple fjords and habitats with detailed methods reported 
by Beer & Wing (2013). The length-frequency distributions of whole populations, female, 
and male blue cod were compared between the Marlborough Sounds and Fiordland using K-S 
tests (Equations 2.1 – 2.3). Cumulative fecundity and the cumulative fecundity adjusted for 
the sex ratio were modelled after Section 2.2.6 for the Marlborough Sound and Fiordland 
areas. To compare the average proportion of females per length class between the 
Marlborough Sounds and Fiordland, the proportion of females in each length class was 
calculated by converting the categorical gender variable (f = female, m = male) into numeric 
factors (f = 1, m = 0). Males and females were sorted by length, smallest to largest, and an 
average proportion of females per 10 individuals was calculated. A general linear mixed 
model (GLMM) was used to test for the effect of AREA (fixed, 2 levels) and TOTAL LENGTH 
(continuous) on the proportion of females per length class between the Marlborough Sounds 
and Fiordland, using the Standard Least Squares personality in the Fit Model platform in JMP 
(JMP 11 SAS Institute Inc.). The length-at-sex-change or the length at which males 
dominated the population L50♂ (length at 50% male) was estimated using logistic regressions. 
All statistical analyses were performed in JMP 11 (SAS Institute Inc., Cary, North Carolina, 
USA). 




2.2.8 Statistical analysis 
 It was hypothesised that length-frequency distributions shifted towards smaller 
individuals of blue cod within Tasman Bay due to increased fishing pressure. This hypothesis 
was statistically tested using the K-S test (see Section 2.2.2). The hypothesis that growth rates 
differed among subpopulations of blue cod was tested using the analysis of residual sums of 
squares (ARSS) method (Chen et al. 1992, Haddon 2001). The analysis was conducted in 
Microsoft Excel (Microsoft Office 365 ProPlus).  
To test the hypothesis that the sex-ratio was skewed toward males in regions with 
increased fishing pressure, chi-squared (Χ2) tests were used to test for deviation from a 50:50 
sex ratio within a subpopulation. Χ2 contingency tables were then used to test for differences 
in the sex ratio between subpopulations. Juvenile fish were excluded from this analysis. 
Logistic regressions were used to estimate the length-at-sex-change for each subpopulation. 
Fecundity, egg diameter, and yolk diameter were compared between regions using analysis of 
variance (ANOVA). Here, some regions were pooled together due to low sample sizes. 
Regression models were used to analyse the relationships between fecundity, egg diameter, 
and yolk diameter and maternal traits (total length, weight, and age), hypothesising that older, 
larger females would be more fecund and produce higher quality eggs, i.e. larger egg and 
yolk diameters. A linear regression model was used to describe the relationship between egg 
diameter and yolk diameter. Kruskal-Wallis tests were used to test for differences in the 
modelled fecundity, modelled cumulative fecundity, and modelled cumulative fecundity 
adjusted for the sex ratio among regions and areas. Post-hoc Steel-Dwass tests were used to 
test for differences between regions. Statistical analyses were performed in JMP 11 (SAS 














2.3.1 Length-frequency distribution 
 Length-frequency distributions were compared among subpopulations of blue cod 
from the inner and outer Marlborough Sounds, inner and outer Tasman Bay, and D'Urville 
Island. The smallest and largest blue cod were observed in the outer Marlborough Sounds, 
ranging from 120 mm to 480 mm. Blue cod in this region were most abundant in length 
classes from 310 to 340 mm (Fig. 2.3). Blue cod length distribution in the inner Marlborough 
Sounds ranged from 210 to 390 mm, with fish most abundant in the 300 and 310 mm length 
class (Fig. 2.3). Blue cod sampled from the outer Tasman Bay ranged from 150 to 350 mm, 
with most blue cod found in the 210 mm and 250 mm length class (Fig. 2.3). In the inner 
Tasman Bay, blue cod were most abundant in the 240 mm length class. The length 
distribution ranged from 180 to 370 mm (Fig. 2.3). The length-frequency distribution of blue 
cod in D'Urville Island ranged from 150 to 410 mm (Fig. 2.3). The length-frequency 
distributions were significantly different among the five regions (Table 2.2).  
The inner and outer Marlborough Sounds, and the inner and outer Tasman Bay 
regions were dominated by a larger proportion of males in almost every length class (Fig. 
2.4). A few females were sampled in the larger length classes in D'Urville Island (Fig. 2.4). 
D'Urville Island was the only region where the proportion of females was larger than the 
proportion of males in the medium length classes (250 to 320 mm). No juvenile blue cod 
were sampled in the inner Marlborough Sounds (Fig. 2.4). The K-S tests between male, 
female and juvenile length distributions demonstrated that there were no differences in the 
length-frequency distributions between male and female blue cod in the outer Marlborough 
Sounds and the inner Tasman Bay (Table 2.3). There were no statistical differences in the 
length distributions between female and juvenile blue cod from the outer Tasman Bay (Table 
2.3).  
 




Figure 2.3. Length-frequency distributions (%) of blue cod in the (A) inner (n = 126) and (B) 
outer (n = 300) Marlborough Sounds, (C) inner (n = 52) and (D) outer (n = 103) Tasman Bay, 
and (E) D’Urville Island (n = 101). Black vertical line represents the minimum landing size 
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Table 2.2. Results of the Kolmogorov-Smirnov test comparing the length-frequency 
distributions between paired regions. Significant differences are in bold. Results are 
significant when the calculated value for Dcalc is larger than the critical D0.05 and D0.01 values. 
Regions Dcalc D0.05 D0.01 p-value 
Outer Marlborough vs inner Marlborough 0.158 0.144 0.172 0.05 
Outer Marlborough vs inner Tasman 0.431 0.204 0.244 0.01 
Outer Marlborough vs outer Tasman 0.572 0.155 0.186 0.01 
Outer Marlborough vs D’Urville 0.220 0.157 0.188 0.01 
Inner Marlborough vs inner Tasman 0.414 0.225 0.269 0.01 
Inner Marlborough vs outer Tasman 0.586 0.180 0.216 0.01 
Inner Marlborough vs D’Urville Island 0.217 0.182 0.218 0.01 
Inner Tasman vs Outer Tasman 0.332 0.231 0.276 0.01 
Inner Tasman vs D’Urville Island 0.232 0.232 0.278 0.05 









Figure 2.4. Length-frequency distributions (%) of male (grey bars), female (black bars), and 
juvenile (black and white bars) blue cod from the (A) inner (male n = 26, female n = 10, juv. 
n = 0) and (B) outer (male n = 48, female n = 11, juv. n = 12) Marlborough Sounds, (C) inner 
(male n = 24, female n = 19, juv. n = 3) and (D) outer (male n = 70, female n = 19, juv. n = 
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Table 2.3. Results of the Kolmogorov-Smirnov test comparing the length-frequency 
distributions between paired male, female, and juvenile blue cod from the five regions. 
Significant differences are in bold. Results are significant when the calculated value for Dcalc 
is larger than the critical D0.05 and D0.01 values. 
Regions Test Dcalc D0.05 D0.01 p-value 
Outer Marlborough Sounds Males vs females 0.339 0.454 0.544 >0.05 
 Males vs juveniles 0.979 0.438 0.525 0.01 
 Females vs juveniles 0.826 0.566 0.679 0.01 
Inner Marlborough Sounds Males vs females 0.554 0.505 0.606 0.05 
 Males vs juveniles    n.a. 
 Females vs juveniles    n.a. 
Outer Tasman Bay Males vs females 0.384 0.359 0.430 0.05 
 Males vs juveniles 0.471 0.398 0.476 0.05 
 Females vs juveniles 0.389 0.484 0.580 >0.05 
Inner Tasman Bay Males vs females 0.279 0.417 0.499 >0.05 
 Males vs juveniles 1.000 0.832 0.997 0.01 
 Females vs juveniles 0.947 0.844 1.01 0.05 
D'Urville Island Males vs females 0.372 0.337 0.403 0.05 
 Males vs juveniles 0.704 0.546 0.655 0.01 
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2.3.2 Growth and mortality 
 Based on the von Bertalanffy growth models, the largest maximum lengths L∞ and 
smallest growth constants k were modelled for blue cod from the outer Marlborough Sounds 
and D'Urville Island (Table 2.4). Blue cod sampled from D'Urville Island reached the 
minimum landing size (MLS) t330 at 6.98 years old. The outer Marlborough Sounds 
subpopulation reached t330 at 6.18 years old (Table 2.4, Fig. 2.5). The smallest L∞ was 
modelled for blue cod from the inner Tasman Bay. The age at which the MLS would have 
been reached was not detectable for blue cod from this region, as L∞ was smaller than the 
MLS (Fig. 2.5). The blue cod subpopulation from the inner Marlborough Sounds showed the 
largest k, reaching t330 at 6.39 years (Table 2.4, Fig. 2.5). Blue cod from the outer 
Marlborough Sounds reached t330 with 6.05 years (Table 2.4, Fig. 2.5). The outer Tasman 
Bay blue cod subpopulation needed the longest to reach t330 with 9.44 years (Table 2.4, Fig. 
2.5). The analysis of the residual sum of squares (ARSS) test demonstrated that the growth 
rates of blue cod from the outer Marlborough Sounds and D'Urville Island were not 
significantly different from each other (Table 2.5). 
Blue cod were pooled across the inner and outer regions for the Marlborough Sounds 
and Tasman Bay to analyse differences in the growth trajectories of females and males. The 
von Bertalanffy growth models showed distinct differences in the length-at-age between male 
and female blue cod (Fig. 2.6). L∞ was larger and k smaller for male blue cod than for females 
(Table 2.6). Male and female blue cod subpopulations from D'Urville Island had the largest 
L∞ (Table 2.6, Fig. 2.6). Female blue cod from the Tasman Bay had the smallest L∞ (Table 
2.6, Fig. 2.6). Male and female blue cod from the Marlborough Sounds showed the youngest 
modelled age for t330 (Table 2.6, Fig. 2.6). As the modelled L∞ was below t330, t330 could not 
be modelled for females from Tasman Bay. Growth rates were significantly different between 
male and female blue cod in all three regions (Table 2.7).  
Using the age-frequency distributions of blue cod from each region (Appendix A.1.1), 
age-catch-curve based estimates of the total mortality rate (Z) were calculated as the slope of 
log-linear regressions (Appendix A.1.2). The lowest estimate of Z, and, therefore, the highest 
estimate of the survival rate (S) was found for the blue cod subpopulation from the outer 
Marlborough Sounds (Table 2.8). The highest Z and lowest S were estimated for the outer 
Tasman Bay subpopulation (Table 2.8).  
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Table 2.4. Von Bertalanffy growth model parameters (L∞, k, and t0), the age at minimum 
landing size (MLS) (t330), degrees of freedom (df), residual sum of squares (RSS) of blue cod 
subpopulations from the five regions, and the sample size (n).  
Regions L∞ 
(mm) 
k t0 (years) t330 (years) df RSS n 
Inner Marlborough 346 0.414 0 6.39 18 4295.5 21 
Outer Marlborough 404 0.281 0 6.18 60 50172.3 63 
Inner Tasman Bay 318 0.395 0 NA 34 18115.1 37 
Outer Tasman Bay 337 0.407 0 9.44 66 33994.0 69 





Figure 2.5. Raw length-at-age data and von Bertalanffy growth models for blue cod 
subpopulations sampled in the (A) inner (solid black line, black circles) and outer (dashed 
black line, white circles) Marlborough Sounds, (B) inner (solid black line, black circles) and 
outer (dashed black line, white circles) Tasman Bay, (C) and D'Urville Island (solid black 
line, black circles). Horizontal lines represent the minimum landing size (MLS) at 330 mm, 
vertical lines represent the age-at-t300 for each subpopulation. Note that age-at-t330 for blue 
cod in the inner Tasman Bay region was not detectable. Sample size and von Bertalanffy 
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Table 2.5. Analysis of residual sum of squares (ARSS) test comparing the von Bertalanffy 
growth rates between subpopulations of blue cod from the different regions. Degrees of 
freedom (df), sum of squares (SSQ), F-statistic and p-values are given. Significant results (p 
< 0.05) are in bold. 
Test df SSQ F-statistic p-value 
Outer Marlborough vs Inner Marlborough 81 9.39*104 17.55 <0.0001 
Outer Marlborough vs Inner Tasman Bay 89 1.87*105 53.47 <0.0001 
Outer Marlborough vs Outer Tasman Bay 121 1.68*105 42.47 <0.0001 
Outer Marlborough vs D’Urville Island 116 7.88*104 2.25 0.0865 
Inner Marlborough vs Inner Tasman Bay 63 3.10*104 2.79 <0.05 
Inner Marlborough vs Outer Tasman Bay 95 3.93*104 2.70 <0.05 
Inner Marlborough vs D’Urville Island 90 5.92*104 18.10 <0.0001 
Inner Tasman Bay vs Outer Tasman Bay 103 5.79*104 3.72 <0.05 
Inner Tasman Bay vs D’Urville Island 98 1.36*105 63.02 <0.0001 




Table 2.6. Von Bertalanffy growth model parameters (L∞, k, and t0), the age at minimum 
landing size (MLS) (t330), degrees of freedom (df), residual sum of squares (RSS), and the 
sample size (n) for sexes pooled across inner and outer regions. Juvenile blue cod were added 
to both male and female growth models. 
Regions Sex L∞ (mm) k t0 
(years) 

























































Figure 2.6. Raw length-at-age data and von Bertalanffy growth models for male (dashed 
black line, white circles) and female (solid black line, black circles) blue cod sampled in the 
(A) Marlborough Sounds, (B) Tasman Bay, and (C) D'Urville Island. Horizontal lines 
represent the minimum landing size (MLS), and vertical lines represent the age at t330 for 
each sex of a subpopulation. Note that age at t300 was not detectable for female blue cod in 




Table 2.7. Analysis of residual sum of squares (ARSS) comparing the growth rates between 
male and female blue cod pooled across regions. Degrees of freedom (df), sum of squares 
(SSQ), F-statistic and p-values are given. Significant results (p < 0.05) are in bold. 
Test df SSQ F-statistic p-value 
Marlborough Sounds 94 7.85*104 9.03 <0.0001 
Tasman Bay 120 1.03*105 31.03 <0.0001 
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Table 2.8. Estimates of annual mortality (Z) and survivorship (S) from log-linear regression 
(Appendix A.1.2) of age-frequency data for blue cod sampled from five regions in the 
Marlborough Sounds and Tasman Bay. Sample size (n), maximum and minimum sampled 
ages are given. 










29 12 3 0.281 0.755 
Outer 
Marlborough 
55 14 1 0.052 0.950 
Inner Tasman 
Bay 
37 13 2 0.156 0.856 
Outer Tasman 
Bay 
69 8 1 0.693 0.500 




2.3.3 Sex ratio 
 The sex ratios (males:females) were skewed towards males in the inner Marlborough 
Sounds (2.6:1), the outer Marlborough Sounds (4.36:1), the inner Tasman Bay (1.26:1), and 
the outer Tasman Bay (3.68:1). The sex ratio of the D'Urville Island blue cod subpopulation 
was 0.66:1. The sex ratio deviated significantly from a 50:50 ratio in the outer Marlborough 
Sounds and outer Tasman Bay (Table 2.9). The Χ2 contingency table indicated significant 
differences in the sex ratio between the outer Marlborough Sounds and inner Tasman Bay 
subpopulations, the outer Marlborough Sounds and the D'Urville Island subpopulations, the 
inner Marlborough Sounds and D'Urville Island subpopulations, outer Tasman Bay and 
D'Urville Island subpopulation, and the inner and outer Tasman Bay subpopulations (Table 
2.10).  
 The estimated length-at-sex-change or the length at which males dominate the 
population (L50♂) varied across the five regions. L50♂ was largest for blue cod from D'Urville 
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Table 2.9. The proportion of male and female blue cod sampled in each region represented as 
the percentage of the total sample (n) and results of Χ2-tests, testing for a deviation from a 
50:50 sex ratio, including the test statistic Χ2, the p-value, and the degrees of freedom (df). 
Significant differences (p < 0.05) are shown in bold. 

































Table 2.10. Results of Χ2 contingency tests for differences in the sex ratio between paired 
regions. Significant differences (p < 0.05) are shown in bold. 
Paired regions Χ2 p-value 
Outer Marlborough vs inner Marlborough 0.645 0.4220 
Outer Marlborough vs inner Tasman 7.794 0.0052 
Outer Marlborough vs outer Tasman 0.162 0.6876 
Outer Marlborough vs D'Urville 23.754 <0.0001 
Inner Marlborough vs inner Tasman 2.910 0.0881 
Inner Marlborough vs outer Tasman 0.269 0.6040 
Inner Marlborough vs D'Urville Island 11.433 0.0007 
Inner Tasman vs Outer Tasman 7.137 0.0076 
Inner Tasman vs D’Urville Island 2.755 0.097 




Table 2.11. Proportion and average total length (± S.E.) of male and female blue cod, and the 
length-at-sex-change (L50♂) for blue cod subpopulations from the five regions across Tasman 
Bay and the Marlborough Sounds. 
Area % F  
(TL ± S.E., mm) 
% M  




Inner Marlborough Sounds 27.8  
(294.5 ± 6.9) 
72.2  
(327.2 ± 5.3) 
243.3 144.4, 
299.9 
Outer Marlborough Sounds 18.6  
(317.5 ± 14.6) 
81.4  
(348.2 ± 7.5) 
220.4 102.8, 
276.3 
Inner Tasman Bay 44.2  
(267.5 ± 7.2) 
55.8  
(269.0 ± 8.9) 
249.3 189.8, 
299.1 
Outer Tasman Bay 20.5  
(220.6 ± 11.2) 
79.5  
(253.7 ± 5.4) 
135.6 32.7, 
182.3 
D’Urville Island 60.3  
(280.6 ± 7.6) 
39.7  









A total of 78 female blue cod were sampled across the Tasman Bay/D'Urville Island 
area, with 18 females from the inner Tasman Bay, 19 from the outer Tasman Bay and 41 
from D'Urville Island. Twenty-one of those females (13 from inner Tasman Bay, two from 
the outer Tasman Bay, and six from D'Urville Island) had hydrated oocytes and were used for 
fecundity and egg quality analysis. No gravid females were sampled from the inner and outer 
Marlborough Sounds. Due to the low sample size from the inner Tasman Bay, the inner and 
outer Tasman Bay were pooled.  
The total length of spawning females ranged from 221 mm to 386 mm. These females 
were between 3 and 16 years old (Table 2.12). Batch fecundity, the number of hydrated 
oocytes, ranged from 975 to 11268 HO for females in Tasman Bay, and from 2231 to 
9596 HO for blue cod from D'Urville Island. Weight-specific fecundity (HO/g BW) ranged 
from 3.18 to 31.8 HO/g BW for blue cod sampled in Tasman Bay and from 2.4 to 
22.3 HO/g BW for blue cod sampled from D'Urville Island. Length-specific fecundity was 
highest for blue cod from the Tasman Bay, ranging from 3.61 to 37.56 HO/mm TL, and from 
5.8 to 30.1 HO/mm TL for blue cod from D'Urville Island. There were no statistical 
differences in the average batch fecundity (ANOVA: F1,19 = 0.23, p = 0.64), length-specific 
relative fecundity (ANOVA: F1,19 = 0.11, p = 0.75), or weight specific relative fecundity 
(ANOVA: F1,19 = 0.01, p = 0.92) between Tasman Bay and the D’Urville Island. 
The weight of gonads containing hydrated oocytes of female blue cod pooled across 
regions ranged from 2.8 g to 18.8 g. The relationships between gonad weight and maternal 
traits (total length, wet weight) were best described by power functions (Fig. 2.7, Table 2.13). 
There was no significant relationship between maternal age and gonad weight (Table 2.13). 
Fecundity samples were also pooled across regions to analyse the relationship 
between maternal traits and batch fecundity. There was no significant relationship between 
maternal age and batch fecundity (Fig. 2.8). There were significant relationships between 
batch fecundity and maternal total length and maternal wet weight. Both were best explained 
by power functions (Fig. 2.8, Table 2.14). Length-specific fecundity followed a similar trend. 
Maternal length and wet weight were significantly related to length-specific fecundity (Table 
2.15). The relationships between length-specific fecundity and maternal traits were best 
described by power functions (Fig. 2.9). There were no significant relationships between 
weight-specific fecundity and maternal traits (Fig. 2.10).  
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Table 2.12. Summary statistic of the age, total length (TL), and weight (WW) range for 
gravid female blue cod sampled in the pooled Tasman Bay regions and D'Urville Island. The 
average batch fecundity (FB) (±S.E.), average length-specific (HO/mm TL), and average 





Figure 2.7. Gonad weight (g) of blue cod pooled across regions, regressed against maternal 
(A) age, (B) total length, and (C) modelled wet weight. Note the scaled x-axis. Regression 




Table 2.13. Relationship between gonad weight (g, GW) and maternal traits of blue cod 
pooled across inner and outer Tasman Bay and D'Urville Island regions. The regression 
equations, r2, and p-values are given, significant results (p < 0.05) are in bold. 
Characteristic Equation r2 p-value 
Age GW = 4.4976*x0.3617 0.08 0.2222 
Total length (TL) GW = 8*10-9*x3.7066 0.60 <0.0001 




















16.3 ± 2.35 15 
D'Urville Island 5 – 10 
 











Figure 2.8. Batch fecundity (x102) of blue cod pooled across regions, regressed against 
maternal (A) age, (B) total length, and (C) modelled wet weight. Note the scaled x-axis. 




Table 2.14. Relationship between batch fecundity (FB) and maternal traits of blue cod pooled 
across inner and outer Tasman Bay and D'Urville Island regions. The regression equations, 
r2, and p-values are given, significant results (p < 0.05) are in bold. 
Characteristic Equation r2 p-value 
Age FB = 36.508*Age
0.1293 0.01 0.7669 
Total length FB = 8*10
-9*TL3.9827 0.33 0.0080 
Wet weight (WW) FB = 0.0253*WW








Figure 2.9. Length-specific relative fecundity (HO/mm TL) of blue cod pooled across 
regions, regressed against maternal (A) age, (B) total length, and (C) modelled wet weight. 




Table 2.15. Relationship between Fecundity (HO/mm TL) (FTL) and maternal traits of blue 
cod pooled across inner and outer Tasman Bay and D'Urville Island regions. The regression 
equations, r2, and p-values are given, significant results (p < 0.05) are in bold. 
Characteristic Equation r2 p-value 
Age FTL = 17.693*x
-0.032 0.0003 0.9378 
Total length FTL = 8*10
-7*x2.9827 0.22 0.0384 
Wet weight FTL = 0.0599*x
0.9656 0.22 0.0384 
 




Figure 2.10. Weight-specific relative fecundity (HO/g BW) of blue cod pooled across 
regions, regressed against maternal age (A), total length (B), and modelled wet weight (C). 
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2.3.4.1 Cumulative batch fecundity 
 Batch fecundity was modelled for blue cod subpopulations from the inner and outer 
Marlborough Sounds, inner and outer Tasman Bay, and D'Urville Island based on the length-
frequency distribution and the relationship between batch fecundity and total length (Table 
2.14, Equation 2.11). The average ± S.E. modelled batch fecundity was largest for the outer 
Marlborough Sounds subpopulation (7343 ± 194 HO) ranging from 1717 to 20174 HO. The 
smallest average batch fecundity was modelled for the inner Tasman Bay subpopulation 
(3812 ± 269 HO) ranging from 1707 to 8075 HO. The modelled batch fecundity for the outer 
Tasman Bay subpopulation ranged from 1707 to 9111 HO (4179 ± 268 HO). The modelled 
batch fecundity for subpopulations from the inner Marlborough Sounds (5127 ± 160 HO) and 
the D'Urville Island (6396 ± 386 HO) ranged from 1738 to 7782 HO, and 1769 to 16863 HO, 
respectively. The average batch fecundity was significantly different among the five regions 
(Kruskal-Wallis: Χ2 = 112.113, p < 0.0001). The post-hoc Steel-Dwass test indicated that the 
modelled batch fecundity in the inner Marlborough Sound and D'Urville Island 
subpopulations and the inner and outer Tasman Bay subpopulations were not significantly 
different from each other (Fig. 2.11). 
The modelled cumulative batch fecundity based on total length was largest for the 
outer Marlborough Sounds subpopulation (7.91*105 ± 3.51*104 HO), and smallest for the 
inner Tasman Bay subpopulation (6.57*104 ± 7.29*103 HO) (Fig. 2.12). A Kruskal-Wallis 
test demonstrated that the cumulative batch fecundity was significantly different among the 
five regions (Kruskal-Wallis: Χ2 = 225.97, p < 0.0001). A post-hoc Steel-Dwass test indicated 
that the cumulative batch fecundity of blue cod from the outer Marlborough Sound 
subpopulation was significantly different from that of the other four subpopulations (Fig. 
2.12). There were no statistical differences in the cumulative batch fecundity between 
subpopulations from the inner Marlborough Sounds and D’Urville island and inner and outer 
Tasman Bay (Fig. 2.12). 
 When cumulative fecundity was adjusted for the sex ratio, the highest cumulative 
fecundity (3.02*105 ± 2.56*104) was modelled for blue cod from D'Urville Island (F:M 
1.52:1) (Fig. 2.13). The smallest average cumulative fecundity adjusted for sex ratio was 
modelled for the outer Tasman Bay (5.20*104 ± 5.77*103 HO) (Fig. 2.13), where the sex ratio 
of female to male was 0.257:1. Adjusted for the sex ratio of 0.79:1, the average cumulative 
fecundity for the inner Tasman Bay was 2.4*104 ± 2.36*103 HO. For the inner and outer 
Marlborough Sounds, the average cumulative modelled fecundity adjusted for sex ratio was 
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7.77*104 ± 5.66*103 HO and 1.81*105 ± 8.03*103 HO, respectively (Fig. 2.13). A Kruskal-
Wallis test indicated a significant difference in the adjusted cumulative fecundity among the 
five regions (Kruskal-Wallis: Χ2 = 167.746, p < 0.0001). The post-hoc Steel-Dwass test 
showed that the adjusted modelled cumulative batch fecundity of the D'Urville Island 
subpopulations was significantly higher than the cumulative batch fecundity in the four other 





Figure 2.11. Modelled average ± S.E. fecundity of blue cod subpopulations from the inner (n 
= 94) and outer (n = 283) Marlborough Sounds, inner (n = 45) and outer (n = 60) Tasman 
Bay and D’Urville Island (n = 88). Letters above bars indicate significant differences, bars 









Figure 2.12. Modelled (A) cumulative fecundity and (B) average ± S.E. cumulative fecundity 
of blue cod subpopulations in the inner (solid line, grey) and outer (solid line, blue) 
Marlborough Sounds, inner (solid line, yellow) and outer (solid line, orange) Tasman Bay 
and D'Urville Island (solid line, green). Bars connected by the same letter are not 
significantly different from each other. 
 




Figure 2.13. Modelled (A) cumulative fecundity adjusted for the sex ratio and (B) average ± 
S.E. cumulative fecundity adjusted for the sex ratio of blue cod subpopulations from the inner 
(solid line, grey) and outer (solid line, blue) Marlborough Sounds, inner (solid line, yellow) 
and outer (solid line, orange) Tasman Bay and D'Urville Island (solid line, green). Bars 
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2.3.5 Oocyte condition 
For the analysis of the egg and yolk diameter, data from the inner and outer Tasman 
Bay were pooled and compared to egg and yolk data from the D'Urville Island subpopulation. 
The average egg diameter was largest for blue cod sampled from D'Urville Island (average ± 
S.E. 992.5 ± 11.9 μm) and ranged from 954.2 to 1039.6 μm. The egg diameter for blue cod 
sampled from the pooled Tasman Bay regions ranged from 886.9 to 1000.4 μm with an 
average of 946.08 ± 7.28 μm. The egg diameter was significantly different between the two 
regions (ANOVA: F1,19 = 11.34, p < 0.05) (Fig. 2.14). The average yolk diameter was larger 
for eggs of blue cod sampled from D'Urville Island (233.53 ± 8.17 μm), ranging from 212.9 
to 269.7 μm, than the yolk diameter of eggs from blue cod from pooled Tasman Bay regions 
ranged from 196.5 to 265.4 μm, with an average of 228.1 ± 4.3 μm. There was no statistical 
difference in the yolk diameter between the two regions (Fig. 2.14). 
The yolk diameter increased significantly with increasing egg diameter pooled across 
regions (F2,17 = 4.83, p < 0.05) (Fig. 2.15). There were no relationships between maternal 












Figure 2.14. Average egg (A) and yolk diameter (μm) (B) for eggs of blue cod sampled from 
pooled Tasman Bay regions (n = 15), and D'Urville Island (n = 6). Error bars are the standard 
error. Letters above bars indicate statistical differences. Bars connected by the same letter 





Figure 2.15. Relationship between egg and yolk diameter (μm) for eggs of blue cod pooled 
across inner and outer Tasman Bay, and D'Urville Island regions. The regression equation 
was yolk diameter = -15.99 + 0.253 * egg diameter. Note the scaled x-axis. 
 
 




Figure 2.16. Egg and yolk diameter of blue cod oocytes pooled across all regions regressed 
against maternal age (A, B), total length (C, D), and modelled wet weight (E, F). Note the 
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2.3.6 Reproductive output comparison Marlborough Sounds vs Fiordland 
The length-frequency distributions of blue cod populations of the Marlborough 
Sounds, pooled across the five regions (inner and outer Marlborough Sounds, inner and outer 
Tasman Bay, and D'Urville Island), and Fiordland were compared (Beer & Wing 2013) (Fig. 
2.17, Table 2.16). In the Marlborough Sounds, the average (± S.E.) length for blue cod 
pooled across sexes was 288.5 ± 3.4 mm. The total length of females was, on average, 272.7 
± 5.2 mm, and the average total length of male blue cod was 296.5 ± 4.4 mm. In Fiordland, 
the overall average length of blue cod was 380 ± 4.3 mm. The average length of female blue 
cod was 364.8 ± 5.2 mm, and the average length of male blue cod was 400.5 ± 6.9 mm. 
Female and male blue cod were significantly larger in Fiordland than in the Marlborough 
Sounds (Fig. 2.18, Table 2.16). A higher number of larger females was observed within the 
blue cod population from Fiordland, compared to the blue cod population in the Marlborough 
Sounds (Fig. 2.18).  
The sex ratio (females:males) was significantly different between Fiordland (1.28:1) 
and the Marlborough Sounds (0.51:1) (Χ2 = 31.401, p < 0.0001). The average proportion of 
females per length class was significantly higher in the blue cod population from Fiordland 
(62.9%) compared to the average proportion of females per length class in the Marlborough 
Sounds (26.6%) (Main test: F2, 58 = 14.95, p < 0.0001, AREA: F = 44.721, p < 0.0001, TOTAL 
LENGTH, F = 21.403, p < 0.0001) (Fig. 2.19). The length-at-sex-change or the length at 
which males began to dominate the populations (L50♂) was larger for the blue cod population 
in Fiordland than for the blue cod population in the Marlborough Sounds (Table 2.17). 
Using the relationship between fecundity and total length observed in the 
Marlborough Sounds (Equation 2.11), the cumulative fecundity was modelled for blue cod 
subpopulations from Fiordland and the Marlborough Sounds (Fig. 2.20). The maximum 
cumulative fecundity based on length-frequency distribution was 5.45*106 for the blue cod 
population in Fiordland and 1.67*106 for blue cod in the Marlborough Sounds (Fig. 2.20). 
The cumulative fecundity was significantly larger in Fiordland than in the Marlborough 
Sounds (Kruskal-Wallis: Χ2 = 103.4, p < 0.0001). When adjusted for the sex ratio, the 
cumulative fecundity increased for the blue cod population in Fiordland (max. 7.4*106, 
average ± S.E.: 2.28*106 ± 1.15*105) (Fig. 2.20) but decreased for the blue cod population in 
the Marlborough Sounds to a maximum of 8.85*105 (average ± S.E.: 2.76*105 ± 1.45*104) 
(Fig. 2.20). A Kruskal-Wallis test showed a significant difference in the adjusted cumulative 
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Figure 2.17. Length-frequency distributions (%) of blue cod from Fiordland (blue bars, n = 
319) and the Marlborough Sounds pooled across regions (red bars, n = 294), lines represent 
the fitted normal distribution. 
 
 




Figure 2.18. Length-frequency distributions (%) of male (dark shaded bars) and female (light 
shaded bars) blue cod from (A) Fiordland (blue, male n = 140, female n = 179) and (B) the 
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Table 2.16. Results of the Kolmogorov-Smirnov test comparison of the length-frequency 
distributions between blue cod populations from Fiordland and the Marlborough Sounds 
pooled across regions, between female blue cod (♀) from Fiordland and the Marlborough 
Sounds pooled across regions, and between male blue cod (♂) from Fiordland and the 
Marlborough Sounds pooled across regions. Significant differences are in bold. Results are 
significant when the calculated value Dcalc is larger than the critical D0.05 and D0.01 values. 
Test Dcalc D0.05 D0.01 p-value 
Fiordland vs Marlborough  0.509 0.109 0.132 0.01 
Fiordland ♀ vs Marlborough ♀ 0.603 0.170 0.204 0.01 
Fiordland ♂ vs Marlborough ♂ 0.519 0.150 0.180 0.01 
Marlborough ♀ vs Marlborough ♂ 0.209 0.168 0.201 0.01 





Figure 2.19. The average proportion of female blue cod per length classes. Fiordland (white 




Table 2.17. Proportion and average total length (± S.E.) of males and females, and the 
length-at-sex-change (L50♂) for blue cod in Fiordland and the Marlborough Sounds. 
Area % F  
(TL ± S.E., mm) 
% M  




Fiordland 56.1 (364 ± 5.2) 43.9 (400 ± 6.9) 419.45 384.9, 466.11 
Marlborough Sounds 33.7 (272 ± 5.2) 66.3 (296 ± 4.4) 182.47 105.78, 225.33 
 
 




Figure 2.20. Modelled cumulative fecundity (solid lines) and cumulative fecundity adjusted 
for the sex ratio (dashed lines) for blue cod populations from Fiordland (blue lines) and the 






















 The length-frequency distributions of blue cod subpopulations from the Marlborough 
Sounds and Tasman Bay in the present study were skewed towards a larger proportion of 
smaller individuals. Particularly subpopulations in the inner and outer Tasman Bay regions 
were skewed towards larger proportions of individuals between 160 to 280 mm. Blue cod 
from the inner Marlborough Sounds were most abundant in length classes smaller than the 
minimum landing size of 330 mm, with only a few of the sampled individuals larger than 
340 mm. Similarly, blue cod were most abundant in the length classes between 280 and 
340 mm in the outer Marlborough Sounds and the D'Urville Island regions, with some 
smaller as well as larger fish between 380 and 480 mm present in both regions. The lack of 
larger individuals in the inner Marlborough Sounds and the inner and outer Tasman Bay 
regions was likely caused by size-selective harvesting methods that targeted primarily larger 
individuals. Size-selective harvesting can impact a population by decreasing the overall 
spawning stock biomass and by removing larger, highly-fecund individuals (Sadovy 2001, 
Berkeley et al. 2004b, Birkeland & Dayton 2005). In protogynous hermaphrodites, such as 
blue cod, the additional effects of size-selective harvesting methods are poorly understood. 
Nevertheless, protogynous stocks are predicted to be more vulnerable to size-selective 
fisheries than non-protogynous species (Alonzo & Mangel 2004). The overexploitation of 
protogynous subpopulations, and resulting truncation of size classes, may have cascading 
effects on aspects of the reproductive biology such as the sex ratio, and the population 
fecundity (Armsworth 2001). Blue cod subpopulations in the Marlborough Sounds and 
Tasman Bay showed evidence of demographic variation that may have been induced by 
increased harvesting efforts. Subpopulations of blue cod sampled from the five regions 
differed significantly not only in their length structure, but also in their growth rates, 
mortality, and survivorship, and their sex ratio and reproductive output.  
 Somatic growth and length-at-age differed significantly among blue cod 
subpopulations from the five sampled regions, as well as between male and female blue cod 
within each region. Generally, blue cod in the outer Marlborough Sounds and D'Urville 
Island reached the largest asymptotic lengths, 404 and 396 mm, respectively. The asymptotic 
length of blue cod from the inner Tasman Bay (318 mm) was smaller than the minimum 
landing size (MLS) of 330 mm. Further, male and female blue cod from Tasman Bay (pooled 
across regions) had the smallest asymptotic lengths and the slowest growth rates. To reach 
the MLS, male blue cod in Tasman Bay needed approximately 8 years, compared to 5 years 
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and 6 years for male blue cod in the Marlborough Sounds and D'Urville Island. The observed 
differences in growth, particularly between blue cod in Tasman Bay and the Marlborough 
Sounds, and the lack of old-growth age structures among these subpopulations may be the 
result of long-term overexploitation of blue cod in Tasman Bay. In the Marlborough Sounds 
the annual landing of recreationally harvested blue cod decreased from an estimated 
149 tonnes in 2006 to 63 tonnes in 2018 (Fisheries New Zealand 2019). Only small changes 
have been observed in the estimated recreational harvest of blue cod in Tasman Bay. Here the 
recreational harvest has remained virtually constant between 25.1 tonnes in 2006 to 21.8 
tonnes in 2016 (Davey et al. 2008, Hartill et al. 2017).  
Size (age)-selective harvesting or the removal of older, larger individuals can lead to 
strong truncations of the age and size distribution within fished populations (Trippel 1995, 
Levin et al. 2006). Age truncation can destabilize a population by increasing its sensitivity to 
environmental fluctuations and lessening the compensatory response to variation in fishing 
intensity (Murawski et al. 2001, Rouyer et al. 2011). Through maternal effects and bet-
hedging strategies, older, larger individuals may be able to act as a buffer against 
environmental variability by protracting the spawning season (Parrish et al. 1986, Secor 
2000, Wright & Gibb 2005), spawning in different locations (Wright & Trippel 2009), or 
producing more viable offspring than younger, smaller individuals (Johnston & Leggett 2002, 
Berkeley et al. 2004a, Trippel & Neil 2004). The lack of older (larger) blue cod may cause a 
decrease in reproductive success, increase in recruitment variability, and difficulties for a 
subpopulation to recover from overexploitation.  
 Batch fecundity and length-specific relative fecundity (HO mm TL-1) of blue cod in 
the present study were significantly related to maternal total length and weight. The largest 
and heaviest sampled female (334 mm TL, 591 g WW) produced 6.7x more eggs per batch 
than the smallest and lightest sampled gravid female (221 mm TL, 165 g WW). Similarly, 
length-specific relative fecundity was almost 5x higher in the larger females, highlighting the 
importance of larger females within the populations. There were no relationships between the 
weight-specific relative fecundity (HO per g BW) and maternal traits, which is in contrast to 
a previously described negative relationship between weight-specific relative fecundity and 
maternal length and weight for blue cod in the Marlborough Sounds (Brandt et al. 2017). 
Blue cod populations in Fiordland had a positive relationship between weight-specific 
relative fecundity and maternal age (Beer et al. 2013). This relationship was also not 
confirmed in the present study. It has to be recognized, however, that fecundity analysis in 
the present study was limited due to the small number of gravid females that were sampled. 
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Additionally, the majority of gravid females in the present study were relatively small (220 to 
290 mm TL). Nevertheless, the results demonstrated that larger females were more fecund 
than smaller females. The lack of large individuals may have adverse effects on the fecundity 
of blue cod in Marlborough Sounds and Tasman Bay. 
 Fecundity or egg production estimates provide an important tool to gain an 
understanding of the reproductive potential of marine populations. Based on the relationship 
between batch fecundity and total length observed in the present study the cumulative batch 
fecundity based on the length-frequency distribution of the five subpopulations of blue cod 
from the inner and outer Marlborough Sounds, inner and outer Tasman Bay, and D'Urville 
Island was modelled. When the cumulative batch fecundity was based on the length-
frequency distribution alone, the highest reproductive output was modelled for the outer 
Marlborough Sounds subpopulation, due to the abundance of some large individuals in this 
region. Estimating the cumulative fecundity based on the length-frequency distribution alone 
would, however, assume that all individuals within a subpopulation were female. When the 
cumulative batch fecundity was adjusted for the sex ratio of females to males in each region, 
the highest reproductive output was modelled for the subpopulation from D'Urville Island. 
This subpopulation was the only one with a higher proportion of females than males. The 
cumulative batch fecundity of the D'Urville Island subpopulation was approximately nine 
times larger than the cumulative batch fecundity of blue cod from the outer Tasman Bay, 
indicating that particularly the Tasman Bay subpopulations rely on recruits from the 
D'Urville Island subpopulation. Our results indicate that the batch fecundity of a 
subpopulation solely based on total length or biomass may be over- or underestimating the 
actual reproductive output. This is particularly important for spatially structured source-sink 
populations, where one subpopulation may rely on recruits from another subpopulation, or for 
sex-changing species, like blue cod, where one sex always dominates the population. 
 The sex ratios of four out of five blue cod subpopulations in the Marlborough Sounds 
and Tasman Bay were skewed toward males. As protogynous hermaphrodites, some female 
blue cod change into males at some point in their life (Carbines 2004, Brandt et al. 2017). Not 
all males start their life as females, and not all females change into males (Carbines 2004, 
Beentjes & Carbines 2005). In an unfished blue cod population, females are thought to 
dominate the smaller length classes, whereas the larger length classes are male-dominated. 
The sex ratio in the inner and outer Marlborough Sounds, and the inner and outer Tasman 
Bay regions was skewed towards males, with males dominating most length classes. The 
D'Urville Island region was the only region in the present study that was dominated by 
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females in the length classes up to 330 mm. Protogynous hermaphrodites are thought to be 
particularly vulnerable to overexploitation due to the display of sexual dimorphism – adult 
males are usually larger than adult females. Blue cod populations around New Zealand that 
are heavily fished often show sex ratios skewed towards males (Beentjes & Carbines 2005, 
2009). The mechanisms controlling sex change in blue cod are poorly understood, however, 
due to the large proportion of males in fished populations it is suspected that sex change is 
caused by the removal of the inhibitory effect of large males (Beentjes & Carbines 2005), 
indicating that sex change is under social control.  
If the inhibitory effect of large males on sex change in smaller females is removed, 
females may change sex at a higher rate and smaller lengths. Due to the large proportion of 
smaller males sampled within subpopulations of blue cod in four of the five regions of the 
present study, it was hypothesized that sex change in these regions occurs at smaller lengths 
than in the D'Urville Island region. The largest observed length-at-sex-change or length at 
which 50% of the subpopulation was male was 327 mm for blue cod observed in D'Urville 
Island. The smallest lengths at sex change were observed in the outer Marlborough Sounds 
and the outer Tasman Bay regions, 220 and 135 mm, respectively, which were also the 
regions with the highest proportion of males within the subpopulations. Within these regions, 
overexploitation and the selective removal of large individuals may be causing a higher rate 
of sex change at smaller lengths as extreme compensation for the loss of males. The 
occurrence of sex change over a broad range of lengths provided evidence that sex change in 
blue cod was under social control, and not at a critical length. Similarly to the results of the 
present study, the earlier onset of sex change of populations in heavily fished areas has also 
been described for other protogynous hermaphrodites such as the Caribbean parrotfishes 
(Sparisoma viride and Scarus vetula), hogfish (Lachnolaimus maximus), and the California 
sheephead (Semicossyphus pulcher) (Hawkins & Roberts 2003, Hamilton et al. 2007, Collins 
& McBride 2011).  
It has to be noted that the hypothesis that sex change in blue cod is under social 
control is based on the assumption that male and female, small and large blue cod were 
sampled at equal probability. The sampling may, however, have been biased towards males 
by using modified commercial cod pots and hook and line fishing. Blue cod males are 
thought to be territorial. Therefore, males may have prevented females from entering the 
baited pot or reaching the baited hook. Even though male and female blue cod have been 
described to share the dominant male's territory (Mutch 1983), females may have been in a 
different area during the sampling periods in the austral spring/late summer. Previous studies 
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on the population structure of blue cod in Dusky Sound (Fiordland, New Zealand) have also 
used cod pots as the sampling technique and demonstrated a more balanced and female-
dominated sex ratio (Beentjes & Page 2016), indicating that both males and females may be 
able to enter the pots at an equal rate. This may, however, vary among regions. Further, in 
areas throughout New Zealand where fishing pressure is known to be higher, sex ratios 
skewed towards a larger proportion of smaller male blue cod have been described, including 
the Marlborough Sounds (Beentjes et al. 2018), Banks Peninsula (Beentjes & Fenwick 2017), 
and northern Canterbury (Carbines & Haist 2018). Hook sizes that were used in the present 
study to sample blue cod were large (6/0) to reduce catch-and-release mortality (Carbines 
1999). This hook size would have been too large for small individuals to be sampled. The 
majority (>90%) of blue cod in the present study was sampled using cod pots, which were 
modified with small mesh sizes (20 and 10 mm) to prevent small blue cod from escaping the 
pod through the mesh. 
In protogynous hermaphrodites, the effects of size-selective overexploitation can have 
extreme consequences for the reproductive rate and population size (Armsworth 2001, 
Collins & McBride 2011). In the present study, the blue cod population from the 
Marlborough Sounds, characterized by a high amount of recreational fishing activities 
(Davey et al. 2008), was compared to the blue cod population from Fiordland, where 
recreational and commercial harvest are relatively low due to the inaccessible nature of the 
region, fishing closures and a network of marine reserves (e.g. Jack & Wing 2013, Wing & 
Jack 2013). The two populations were significantly different in their length-frequency 
distributions, the sex ratios, the length-at-sex-change, and the modelled reproductive output. 
Blue cod in Fiordland had a broader range of lengths (190 to 630 mm) than blue cod in the 
Marlborough Sounds, where adults were samples from 150 to 470 mm. In Fiordland, blue 
cod were more abundant in the larger length classes compared to blue cod in the 
Marlborough Sounds. Here, blue cod were most abundant in the smaller length classes 
between 210 and 250 mm and 310 and 350 mm. The observed shift towards higher 
proportions of smaller individuals likely reflected the long-term effect of extensive size-
selective harvesting of blue cod in the Marlborough Sounds. 
Significant differences between the two populations were also visible in the 
proportion and length distribution of female blue cod. In the Marlborough Sounds, the sex 
ratio was 0.5 female blue cod per one male, with an average of 26.6% female in each length 
class. In Fiordland, the overall sex ratio of 1.28 females per male, with an average proportion 
of 62.9% females in each length class. Further, the length at which 50% of the population is 
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male was 419.45 mm for the Fiordland population and 182.47 mm for the population in the 
Marlborough Sounds. The results further support the hypothesis that the long-term size-
selective harvesting had severe effects on the sex ratio and the length-at-sex-change of blue 
cod in the Marlborough Sounds by removing large males and thereby increasing the rate of 
sex change and decreasing the length-at-sex-change. The calculations of the cumulative batch 
fecundity, adjusted for the sex ratio, for the Fiordland population was 8.4 times higher than 
the cumulative batch fecundity in the Marlborough Sounds, demonstrating that size-selective 
harvesting directly affected the reproductive output by altering the length distribution and sex 
ratio of the blue cod population in the Marlborough Sounds. 
While fishing pressure is one of the key differences between the two sampled areas 
that affected population demographics of blue cod, there are other important differences 
between the Marlborough Sounds and Fiordland that may have contributed to the observed 
differences in population parameters. Both regions are characterised by wave-sheltered rocky 
reef habitats, harbouring forests of the giant kelp (Macrocystis pyrifera) and the common 
kelp (Ecklonia radiata), as well as similar reef fish and benthic invertebrate communities 
(Shears & Babcock 2007, Wing & Jack 2014). However, over the last 50 years declines of 
the giant kelp forests have been linked to marine heat waves (Hay 1990) and increased 
sedimentation, due to the clearing of large terrestrial areas (Handley and Mclean 2016) in the 
Marlborough Sounds. In contrast, Fiordland is a relatively pristine area with intact native 
forest catchments as part of the Te Wahipounamu UNESCO World Heritage Area and 
extensive kelp forest habitats (Wing et al. 2007, Wing & Jack 2014). The significant 
differences in kelp abundance between the two regions have been linked to trophodynamic 
differences in the fish communities. For example, the food web of higher trophic level fish, 
such as blue cod, was more supported by pelagic primary production than organic matter 
derived from kelp in the Marlborough Sounds compared to Fiordland (Udy et al. 2019). 
Small scale geographic differences in trophic ecology may result in demographic variations 
among subpopulations, as differences in prey abundance and quality may directly affect 
growth rates (Jiang & Carbines 2002, Beer & Wing 2013), and indirectly affect the related 
life-history traits, survivorship and reproduction (McCormick 2003, Gagliano et al. 2007, 
Jack & Wing 2010). Previous studies have indicated that growth rates, size structure, and 
mortality of blue cod populations vary geographically in response to differences in diet 
(Beentjes & Carbines 2005, 2018, Beer & Wing 2013). Therefore, when interpreting the 
results of the present study, it is important to keep in mind that, while fishing pressure is 
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likely the key driver of the variations between the populations, habitat and particularly 
trophic ecology may also play important roles. 
The results of the present study allowed insight into the population structure and 
reproductive output of blue cod subpopulations in the Marlborough Sounds and Tasman Bay. 
The Marlborough Sounds and adjacent Tasman Bay area are favoured spots for the 
recreational harvest of blue cod. The populations in these areas have undergone various 
management methods within the last decades, including a fishing closure, size and slot limits, 
bag limits, and seasonal closures. Shifted length distributions towards large proportions of 
smaller individuals and sex ratios skewed towards males indicated that, despite the efforts to 
manage and stabilize the populations, fishing mortality in this region likely remained high 
with the potential for fishery-induced evolution (e.g. Hamilton et al. 2007, Collins & 
McBride 2011). This idea was supported by the small lengths at sex change in the 
Marlborough Sounds and Tasman Bay compared to a relatively healthy, unfished blue cod 
population in Fiordland. Further, the high proportion of small males and the relatively small 
length-at-sex-change in the Marlborough Sounds and Tasman Bay indicated that sex change 
in blue cod was under social control rather than based on a critical length (e.g. Matthias et al. 
2019). In protogynous hermaphrodites, like blue cod, a decrease in the average length-at-sex-
change can lead to a compounded reduction in the reproductive output, as females change 
into males at smaller lengths. This was demonstrated in the present study by modelling the 
cumulative batch fecundity for populations in the Marlborough Sounds and Tasman Bay. Due 
to the high proportion of males and only a few small females, the reproductive output, based 
on a hypothetical population, in Tasman Bay and the Marlborough Sound regions was 
significantly smaller than in the D'Urville Island subpopulation. This result indicated that, if 
these calculations were true, the D'Urville Island subpopulation could be sustaining the other 
subpopulations with recruits as a reproductive source population (e.g. Rodgers & Wing 2008, 
Wing 2011). When comparing the modelled reproductive output of blue cod in the 
Marlborough Sounds to the reproductive output of blue cod in Fiordland, the detrimental 
effect of the early onset of sex change became more evident. 
The results of the present study demonstrate the need for size-sensitive management 
strategies for blue cod in the Marlborough Sounds and Tasman Bay. The current tools used to 
manage blue cod in the Marlborough Sounds include a small number of small no-take areas 
and marine reserves, a temporal fishing closure in the Marlborough Sounds during spawning 
season, a minimum landing size, and a daily bag limit. To reduce the rate of sex change and 
increase the proportion of females in the populations, better protection of larger sized blue 
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cod would be required. The implementation of slot-limits may be an option, where harvested 
blue cod smaller or larger than the appointed slot sizes must be released alive. Slot limits 
depend on the survival of released fish, quick recovery, and absence of long-term sublethal 
impairments (Broadhurst et al. 2005, Johnston et al. 2015). To reduce release-mortality 
appropriate fishing gear and hook sizes need to be used (Carbines 1999), and fishers need to 
be informed about the appropriate handling and release practices. In addition to the temporal 
fishing closure, and to the small number of spatial closures within the Marlborough Sounds 
and Tasman Bay, further no-take areas and marine reserves would be beneficial for 
developing more mature length structures for reproductive source populations. Spatial fishing 
closures, such as no-take areas or marine reserves, are a promising management option for 
blue cod in Fiordland (Jack & Wing 2013, Wing & Jack 2013). The results of the present 
study highlighted the need for management efforts that are considerate of the protogynous 
nature of blue cod. The failure to do so may inevitably lead to a further decline and possible 
collapse of the blue cod population in the Marlborough Sounds from which it would be very 





























Habitat degradation drives spatial differences in 
trophic niche breadth in blue cod subpopulations 
in the Marlborough Sounds and Tasman Bay 
 
 
Inquisitive blue cod (Parapercis colias) photographed in the Marlborough Sounds 2018. Also 
in the photo are spotties (Pseudolabrus celidotus), sea urchin (Evechinus chloroticus), sea 
cucumber (Australostichopus mollis), cushion star (Patiriella regularis), tube worms (Galeolaria 
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A thorough understanding of species interactions and the trophic structures of marine 
populations is crucial to aid the effective implementation of ecosystem-based fisheries 
management. The present study aimed to identify differences in diet, basal organic matter 
sources, and trophic niches among subpopulations of blue cod (Parapercis colias) from five 
distinct regions in the Marlborough Sounds and Tasman Bay. The regions were characterised 
by differences in the degree of habitat degradation; the seabed in Tasman Bay has been 
disturbed by extensive trawling and dredging. In contrast, there were larger areas of biogenic 
reef, kelp forest, and their outcrops within the inner and outer Marlborough Sounds. No 
differences in the composition of the prey field were found among blue cod sampled from the 
five regions, however, the proportions of occurrence of some dietary groups were 
significantly different among subpopulations. Stable isotope analysis of muscle tissue to 
resolve δ13C and δ15N values indicated that blue cod from the inner and outer Marlborough 
Sounds had a broader range of alternative basal organic matter sources, compared to blue cod 
from Tasman Bay and D'Urville Island, implying a high degree of individual specialisation. 
The trophic level was also higher among blue cod from the Marlborough Sound regions, 
which further indicated a more complex food web structure than among subpopulations in 
Tasman Bay. The isotopic niche and niche breadth were significantly smaller among blue cod 
from the inner and outer Tasman Bay, and D'Urville Island, compared to subpopulations from 
the Marlborough Sounds. The results demonstrated differences in the trophic ecology of blue 
cod subpopulations among the five sampled regions, coincident with differences in habitat 
degradation as a result of intensified bottom trawling and dredging within Tasman Bay. Blue 
cod in the sampled regions would benefit from the implementation of a network of marine 
protected areas, not only protecting the species itself but also the habitat and ecosystem. 
 












 Understanding the trophic structure of marine subpopulations is essential for the 
interpretation of spatial differences in demography and vital rates. Particularly for exploited 
species understanding these spatial differences is key to understand population dynamics, 
productivity, and to aid the development of effective ecosystem-based management (Jack et 
al. 2009, Wing & Jack 2013, Perrson et al. 2014). The dynamics of many coastal marine fish 
populations are strongly influenced by the quality of the local habitat and the available 
nutritional resources (Jack & Wing 2010, Beer & Wing 2013). For species that feed on a 
broad variety of prey, spatiotemporal variability in the diet may be a response to geographical 
or seasonal variations in prey availability and quality (Foy & Norcross 1999, Bacha & Amara 
2009). The variability in resource use, or the niche breadth, may change if resources become 
rare or the quality of the habitat changes (Fry et al. 1999, McLeod et al. 2010a, Vander 
Zanden et al. 2010). Niche breadth can vary due to individual specialisation (Bolnick et al. 
2003) and can result in the natural variability of trophic structures among distinct populations 
(Marshall et al. 2014). Spatial variation in resource use, availability, or quality may influence 
growth rates, condition, reproductive success, and survival among geographically separated 
subpopulations (McCormick 2003, Lawton et al. 2010, Beer & Wing 2013).  
 To characterise the niche space or niche breadth of fishes, analysis of the diet, in the 
form of stomach contents, has often been used to determine diet diversity and differences in 
feeding ecology among species or populations (Azzurro et al. 2007, Romeo et al. 2009, Davis 
& Wing 2012). Stomach content analysis allows for the identification of prey items that were 
recently consumed but is based on the assumption that the stomach content at the time of 
sampling represents the typical spectrum of an individual's diet. However, diet and feeding 
habits typically vary throughout the day, seasonally, and ontogenetically. Therefore, stomach 
fullness and the occurrence of identifiable prey items may only provide a snapshot of the 
recently consumed diet and no information on the primary producers at the base of the food 
web (Wootton 1990, Buckland et al. 2017).  
Marine food webs can be supported by organic matter derived from phytoplankton 
(Truong et al. 2017), macroalgae (Udy et al. 2019b c), or detritus from terrestrial inputs (Jack 
et al. 2009, McLeod et al. 2010b). Stable isotope analysis can be used to determine long-term 
diet composition and the sources of organic matter (Pinnegar & Polunin 2000) and has 
become an important tool to characterise the ecological niche space in a standardised, 
repeatable way (Newsome et al. 2007, Layman et al. 2012). The isotopic values of an 
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organism’s tissue reflect those of its' diet, and, therefore, stable isotopes can provide 
information on trophic interactions (Fry 2006). The ratios of carbon (13C:12C) and nitrogen 
(15N:14N) isotopes, expressed relative to a standard as δ13C and δ15N are commonly used as 
tracers of organic matter through food webs (Fry 2006, Layman et al. 2012). Primary 
producers, such as phytoplankton or macroalgae, differ in their δ13C values, which change 
relatively little during trophic transfers (DeNiro & Epstein 1978, McCutchan et al. 2003). 
Basal organic matter sources of the underlying food web can, therefore, be identified based 
on the consumer's δ13C values (Fry 2006), which tend to be smaller than δ15N values. In 
contrast, there are predictable changes in δ15N values during trophic transfer. A consumer's 
relative trophic level within a food web can, therefore, be estimated based on δ15N values 
(DeNiro & Epstein 1978, Post 2002, McCutchan et al. 2003). The isotopic niche of a 
consumer is defined as the area of their isotopic values from coordinates in a two-
dimensional isotope bi-plot (Newsome et al. 2007). Even though it is not exactly equivalent 
to a niche based on prey diversity, the isotopic niche is often used as a generalised proxy for 
the consumers' dietary niche (Newsome et al. 2007, Quevedo et al. 2009). 
 In New Zealand, particularly around the South Island, blue cod (Parapercis colias) 
are common generalist predators that feed on a variety of benthic taxa as well as small fish 
and pelagic salps (Jiang & Carbines 2002, Rodgers & Wing 2008, Beer & Wing 2013). 
Previous work has indicated that the diet and composition of food webs supporting blue cod 
vary spatially (Wing et al. 2012a). For example, a study from the Otago Harbour (south-
eastern New Zealand) reported that blue cod mainly fed on crustaceans, fish, and molluscs 
(Graham 1939b), whereas studies from the Cook Strait (central New Zealand) and the 
Chatham Islands indicated that blue cod predominantly fed on pelagic fish and octopus 
(Rapson 1965). These differences in diet are observed to be specific to the habitat. 
Accordingly, for blue cod in Foveaux Strait (southern New Zealand) that inhabited areas 
where the seabed was disturbed due to oyster dredges, crustaceans were the primary prey, 
compared to blue cod from undredged regions where polychaetes, molluscs and crustaceans 
comprised the majority of their diet (Jiang & Carbines 2002). By feeding on echinoderms, 
large blue cod can play an important regulatory role in the abundance and density of juvenile 
sea urchins (Evechinus chloroticus) in New Zealand's Fiordland and Marlborough Sounds 
(Udy et al. 2019a). 
 Small scale geographic differences in trophic ecology may result in demographic 
variations among subpopulations, as differences in prey abundance and quality may directly 
affect growth rates (Jiang & Carbines 2002, Beer & Wing 2013), and indirectly affect the 
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related life-history traits, survivorship and reproduction (McCormick 2003, Gagliano et al. 
2007, Jack & Wing 2010). Previous studies have indicated that growth rates, size structure, 
and mortality of blue cod populations vary geographically in response to differences in diet 
(Beentjes & Carbines 2005, 2018, Beer & Wing 2013), and that diet may change as blue cod 
grow larger (Jiang & Carbines 2002). The shift in preferred prey as individuals grow larger 
can have important implications for the ecosystem. For example, with increasing length, the 
diet of California sheephead wrasse (Semicossyphus pulcher) shifted from small filter 
feeders, such as bivalves, to larger mobile invertebrates, such as sea urchins (Hamilton et al. 
2011a). Locations with large California sheephead wrasses present had increased predation 
rates on sea urchins, and, consequentially, increased persistence of kelp bed habitats 
(Hamilton et al. 2011a). 
 In the present study, the feeding habits and trophic structure of blue cod from five 
different regions in the Marlborough Sounds (inner and outer Sounds) and Tasman Bay 
(inner, outer Tasman Bay, and D'Urville Island) were compared. The habitat in the inner 
Marlborough Sounds region was characterised by multi-species biogenic habitat, composed 
of bryozoans, ascidian, sponges, hydroids, horse mussel beds, and dead shell beds (Davidson 
et al. 2010, Morrison et al. 2014a). The outer Marlborough Sounds were characterised by 
rocky reef habitats at the entrances to the sounds, harbouring macroalgae, kelp forests, and 
rocky reefs with diverse benthic invertebrate communities (Shears & Babcock 2007, 
Davidson et al. 2011). Investigations of the seafloor of the west side of D'Urville Island have 
shown that the seafloor here was composed of dead shells and coarse sands that grade into 
cobble, with sparse epifauna comprising sponges, gastropods, and echinoderms (Jones et al. 
2018). Closer to the shore of D'Urville Island, large boulders, and rock outcrops with forests 
of Carpophyllum sp., sponges, corals, and diverse benthic communities were observed 
(Davidson et al. 2011). Tasman Bay, including the inner and outer Tasman Bay regions, was 
dominated by soft-sediment seabed habitats with some shallow rocky reefs or boulders along 
the coastline (Newcombe et al. 2015). Commercial shellfish dredges and fish trawls have 
impacted the seafloor in Tasman Bay severely (Thrush et al. 1995, Handley 2006, Urlich & 
Handley 2020). Biogenic habitat has been destroyed, and the remaining distribution is widely 
unknown (Newcombe et al. 2015). The benthic community is acutely stressed with the 
majority of the remaining taxa being bivalves and crustaceans (Gillespie et al. 2011).  
 The present study aimed to identify the trophic ecology of blue cod within the 
Marlborough Sounds and Tasman Bay. Specifically, it was aimed (1) to analyse the diet 
composition of blue cod from five distinct regions in the Marlborough Sounds and Tasman 
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Bay, and (2) to determine the basal organic matter source pools based on the analysis of δ13C 
and δ15N. Additionally, the research was designed to resolve differences in (3) the trophic 
level and (4) the niche breadth and isotopic niche of blue cod subpopulations from the five 
regions. It was predicted that blue cod in the Marlborough Sounds fed on a larger variety of 
prey items, resulting in a more consistent mixture of basal organic matter sources, higher 
trophic levels, and larger ecological niches. Lastly, (5) the ontogenetic variation in trophic 
ecology and diet was compared among blue cod subpopulations, in order to resolve shifts in 
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3.2 MATERIALS AND METHODS 
3.2.1 Sampling sites and collection 
Blue cod were sampled from inner and outer regions in the Marlborough Sounds and 
Tasman Bay, and the D'Urville Island region for stomach content and stable isotope analysis 
during two research cruises onboard the RV Polaris II in February and November 2018. For 
specific sample sites see Fig. 2.1, Table 2.1 in Chapter 2.  
Blue cod were sampled using a combination of modified commercial cod pots (fine 
mesh, 20 and 10 mm) and hook and line fishing (hook size: 6/0). Blue cod were humanely 
euthanized using the Iki-method (Close et al. 1997) under University of Otago ethics protocol 
AUP-18-193. Total length (TL ± 1 mm), sex, via macroscopic examination of the gonads, 
and the stomach content were recorded for each sampled fish. A dorsal muscle tissue sample 
was taken from behind the head and frozen in sterile Eppendorf tubes at -20°C.  
 
3.2.2 Stomach content analysis 
 The stomach and intestinal contents were examined macroscopically on board the RV 
Polaris II. Prey items were identified into broad taxonomic groups: Pisces, Polyplacophora, 
Gastropoda, Cephalopoda, Bivalvia, Tunicata, Crustacea, Echinodermata, and other benthic 
invertebrates. The stomach content was recorded as the presence/absence of dietary groups. 
The proportion of empty stomachs was calculated and excluded from further analysis. The 
number of stomachs (n) in which each item i occurred was recorded and expressed as the 
proportion of occurrence (%O) of the total number of stomachs of fish containing prey items 
(NF): 
 %𝑂 =  
𝑛𝑖
𝑁𝐹
 × 100 (3.1) 
 The frequency (%F) of dietary groups within the sampled stomachs of blue cod was 
calculated for each region:  
%𝐹 =  
𝑛𝑖
𝑁𝑃
 × 100  (3.2) 
Where %F is the frequency of dietary group, n is the number of prey items sampled in each 
dietary group i, and NP is the number of all prey items counted in the region.  
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3.2.3 Stable isotopic analysis 
Upon return to the laboratory, the dorsal muscle tissue samples were rinsed with 
deionised water, transferred in sterile Eppendorf tubes, and oven-dried at 60°C for 48 hours. 
When fully dried, the samples were ground into a fine powder, using a mortar and pestle, 
which were rinsed with deionised water and dried with lint-free tissue (Kimwipes, KimTech 
Science, Kimberly-Clark Professional, USA) between samples. Samples of 1 mg were 
weighed into 5 x 3.5 tin capsules (Elemental Analysis Ltd.). Lipids were not extracted prior 
to stable isotope analysis from blue cod muscle tissue as the C:N ratio was relatively low, 
varying between 3 and 3.7. Lipid synthesis depletes δ13C, however it has been shown that 
these low concentrations of lipids had no significant effect on the values of δ13C (Post et al. 
2007, Rodgers & Wing 2008, Skinner et al. 2016).  
Suspended particulate organic matter (SPOM) and macroalgae samples from inner 
and outer regions in the Marlborough Sounds and Tasman Bay were sampled during the 
February and November 2018 research cruises. SPOM samples were taken using a rosette 
equipped with 10-liter Niskin bottles (Ocean Test Equipment®), pre-filtered with a 300 μm 
mesh to remove large zooplankton, and then filtered through a pre-combusted (400˚C for 4 
hours) 47mm 0.7μm GF/F filter (Whatman®). In February 2018 SPOM samples from the 
inner and outer Marlborough Sounds were taken from 2 depths (10 m and just above the 
seafloor [5 – 15 m]). An ANOVA showed no significant differences between the δ13C and 
δ15N values of the shallow and deep SPOM samples from both regions (inner Marlborough: 
δ13C: F1,21 = 0.29, p = 0.5; δ
15N: F1,21 = 0.15, p = 0.7; outer Marlborough: δ
13C: F1,4 = 2.11, p 
= 0.2; δ15N: F1,4 = 0.21, p = 0.7), therefore for further analysis δ
13C and δ15N of SPOM 
samples were pooled across depths for both regions. Multiple species of macroalgae were 
sampled during dive surveys (Appendix Table A2.1). For the mixing model and trophic 
position calculation, the δ13C and δ15N values of macroalgae were pooled across species 
(Table 3.1).  
Stable isotope analysis was conducted by IsoTrace Research (Department of 
Chemistry, University of Otago, Dunedin, New Zealand) using the Europa 20-20 updated 
mass spectrometer (Europa Scientific, Crewe, UK) interfaced with a Carlo Erba NC 1500 
elemental analyser (NA1500, Carlo Erba, Milan, Italy) in continuous flow mode (precision: 
2‰ for δ13C, 0.3‰ for δ15N). The raw sample isotopic ratios were standardized by 
calibrating against international standards (USGS-40 and USGS-41). An in-house laboratory 
reference material (ethylenediaminetetraacetic acid; Elemental Microanalysis, Wilmslow, 
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UK; EDTA-OAS, δ13C = -38.93‰ ± 0.2, δ15N = -0.73 ± 0.12) of known carbon and nitrogen 
isotopic values was measured after every twelfth sample to correct for instrument drift. The 
natural isotope abundance of 13C and 15N was expressed in δ notation (Peterson 1999, Fry 
2006). 
 
Table 3.1. Stable isotope values of δ13C and δ15N of suspended particulate organic matter 
(SPOM) and macroalgae sampled from the five regions used for the mixing model and 
trophic position calculations. 
Region Source δ13C δ15N 
































3.2.3.1 Mixing model and trophic position 
A 2-step iterative procedure was used to determine the trophic position and the origin 
of the basal organic matter based on δ13C and δ15N values of each individual (Jack & Wing 
2011). A 2-source mass-balance mixing model was used to determine the relative 
contribution of organic matter derived from macroalgae and SPOM to the diet of each blue 
cod using δ13C values. In this step, an approximation of the trophic position was used to 
estimate trophic discrimination using δ13C. The results were then used to estimate the 
corresponding δ15N values of the mixture of organic matter sources at the base of the food 
web (δ15Nbase). The trophic position was then calculated as follows (McCutchan et al. 2003): 





where λ is the trophic position of the basal organism (λ = 1 for primary producers), δ15Nbase is 
the nitrogen isotope ratio of the base of the food web, δ15Nconsumer is the nitrogen isotope ratio 
of the consumer and Δ15N = the trophic discrimination factor for δ15N after Post (2002). The 
resulting estimate of the trophic position was then iterated into the mass balance mixing 
model until a stable solution was obtained. Trophic discrimination factors of +0.5 ± 0.17‰ 
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(average ± S.E.) for Δ13C, and +2.3 ± 0.28‰ for Δ15N, after McCutchan et al. (2003) were 
used. 
 
3.2.3.2 Sensitivity analysis 
 Sensitivity analysis was carried out on the Iso-Error mixing model to test the 
sensitivity of the mixing model to the assumed base δ13C values for macroalgae and the 
suspended particulate organic matter (SPOM) (Phillips & Gregg 2001a, b). δ13C values were 
corrected with ±1 standard error and ±2 standard errors from the average base δ13C values for 
macroalgae and SPOM. To test the sensitivity of the trophic level to the assumed level of 
fractionation of Δ15N, Δ15N was corrected with fractionation factors of ±10% and ±20% from 
the assumed value of Δ15N. 
 
3.2.4 Statistical analysis 
Only one site each was sampled for D'Urville Island and inner Tasman Bay, therefore, 
all data were pooled across sites, and all comparisons were made among and between 
regions.  
To test the hypothesis that the diet composition of blue cod varied among regions 
multivariate comparisons of the diet composition were carried out. Stomach content data was 
recorded as the presence/absence of a dietary group, therefore, a Jaccard resemblance matrix 
was constructed. The composition of dietary groups was then compared among REGIONS (5 
levels, fixed) using permutational analysis of variance (PERMANOVA) in PERMANOVA+ 
version 1.0.2 as an addon for PRIMER v6 (PRIMER-E Ltd, Plymouth, UK). All 
PERMANOVA were performed using 9999 permutations. To visualize the multivariate 
structure of the diet composition of blue cod among regions, principal coordinate analysis 
(PCO), based on the Jaccard distance, was used. Pearson correlation was used to identify 
dietary groups that drove the separation between regions. Canonical analysis of principal 
coordinates (CAP) was then used to measure the reclassification-to-region success rate, based 
on the multivariate dietary composition. PERMANOVA, based on Euclidean distance, was 
then used to compare the frequency of occurrence of each dietary group among and between 
regions. When the number of unique permutations was low, the Monte-Carlo p-values were 
reported.  
The hypotheses that δ13C and δ15N values, the proportion of organic matter derived 
from macroalgae, and the tropic level of blue cod varied among regions, was tested using 
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analysis of variance (ANOVA), or when the data were not normally distributed Kruskal-
Wallis tests. Post-hoc Tukey's HSD tests or for not normally distributed data pairwise Steel-
Dwass tests were carried out in JMP Pro 11 (SAS Institute Inc.).  
To quantify differences in the isotopic niche sizes of blue cod among regions Stable 
Isotope Bayesian Ellipses (SIBER) (Jackson et al. 2011) were used in R v3.5.2 (R Core Team 
2020). SIBER uses a multivariate ellipse-based approach to estimate the isotopic niche space 
of blue cod subpopulations based on the total area (TA) and the standard ellipse areas (SEAc) 
of the stable isotope data. SEAc, which represents the core (40%) isotopic niche space, is 
used as a proxy of the richness/evenness of consumed recourses (Bearhop et al. 2004).  
To test the hypothesis that the niche breadth of blue cod varied and to determine how 
much the variability in trophic position of blue cod contributes to niche breadth among 
regions a PERMANOVA with the factor REGION (5 levels, fixed) was used. A resemblance 
matrix based on the Euclidean distance of normalised values of trophic level and proportion 
of organic matter derived from macroalgae was created. PERMANOVA was performed using 
9999 permutations. Pair-wise tests were used to determine differences between regions. A 
test for homogeneity of multivariate dispersions (PERMDisp) was carried out with the fixed 
factor REGION (5 levels) using 9999 permutations and distance from centroid measures to test 
for differences in the dispersion of trophic level and proportion of organic matter derived 
from macroalgae among and between regions, which acted as a proxy for niche breadth. 
To analyse the ontogenetic variations and to test the hypothesis that diet and trophic 
ecology of blue cod change with length analysis of covariance (ANCOVA) was used. The 
frequency of occurrence of dietary groups that were present in all five regions 
(Polyplacophora, Gastropoda, Cephalopoda, Bivalvia, Crustacea, and other benthic 
invertebrates) were averaged per 20 mm length class. Individual values of δ13C and δ15N, 
trophic level, the proportion of diet supported by macroalgae were used. The ANCOVA 
model included the factors LENGTH CLASS (continuous), REGION (5 levels, fixed), and their 
interaction to test for ontogenetic changes with size among regions. Linear regression 
analysis was used to test for significant relationships between length class and the average 
δ13C and δ15N values, trophic level, proportion of diet supported by macroalgae, and the 








3.3.1 Stomach content analysis 
 Overall, 330 stomachs of blue cod were sampled pooled across regions. Of those 330 
stomachs, 57 stomachs (17.3 %) were empty (Table 3.2). The highest proportion of empty 
stomachs was found in blue cod sampled from the inner Marlborough Sounds and the outer 
Tasman Bay (Table 3.2). The lowest proportion of empty stomach was sampled from blue 
cod from the inner Tasman Bay (Table 3.2).  
 The multivariate diet composition of blue cod varied significantly among the five 
regions (pseudo-F4, 268 = 12.097, p = 0.0001). Pairwise comparisons indicated that the diet 
composition of blue cod was significantly different between all paired regions (Table 3.3). 
The first and second canonical axes explained 53% of the variation in diet composition of 
blue cod (Fig. 3.1). Spatial separation seemed to be driven by the occurrence of Gastropoda, 
Crustacea, and Bivalvia in the diet of blue cod (Fig. 3.1). Reclassification success based on 
CAP was highest for blue cod from the inner Marlborough Sounds subpopulations (76.2%), 
the inner Tasman Bay subpopulation (61.9%), and the outer Marlborough Sounds 
subpopulation (56.1%). Reclassification success for blue cod sampled from the outer Tasman 
Bay and D'Urville Island subpopulations based on the diet composition was low, 38.9% and 
19.4%, respectively (Fig. 3.2, Table 3.4).  
 The dietary groups that occurred most frequently in stomachs of blue cod from the 
inner Marlborough Sounds were Bivalvia (85.7%), Crustacea (42.9%), Tunicata (14.3%), and 
other benthic invertebrates (14.3%) (Fig. 3.3). In stomachs of blue cod from the outer 
Marlborough Sounds Tunicata occurred most frequently (56.1%) followed by Bivalvia 
(34.8%) and Crustacea (30.3%) (Fig. 3.3). In the inner Tasman Bay, the dietary group that 
occurred in the majority of sampled stomachs was Gastropoda (61.9%), followed by Bivalvia 
(19.0%), Crustacea (16.7%), and Polyplacophora (16.7%) (Fig. 3.3). In the outer Tasman 
Bay, the dietary groups that occurred most frequently in the sampled stomachs were 
Crustacea (62.8%), Gastropoda (29.5%), and Bivalvia (26.9%) (Fig. 3.3). Similarly, 
Crustacea (44.8%), Gastropoda (41.8%) and Bivalvia (38.8%) occurred frequently in blue 
cod stomachs sampled from D'Urville Island (Fig. 3.3). 
 The lowest number of dietary groups (seven out of nine) was found in blue cod from 
the inner Marlborough Sounds. Here, 71% of the diet of blue cod was composed of Bivalvia 
and Crustacea (Fig. 3.4). All nine dietary groups were present in the stomachs of blue cod 
from the outer Marlborough Sounds, 35% of their diet was Tunicata. Tunicata, Crustacea, 
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and Bivalvia made up 75% of the diet of blue cod in the outer Marlborough Sounds (Fig. 
3.4). In contrast, Gastropoda (42%) was the most important dietary group for blue cod in the 
inner Tasman Bay. The diet of blue cod here mainly included Gastropoda, Polyplacophora, 
Bivalvia, and Gastropoda (77%) (Fig. 3.4). In the outer Tasman Bay, Crustacea was the most 
important dietary group (43%), 82% of their diet was composed of Crustacea, Bivalvia, and 
Gastropoda (Fig. 3.4). In D'Urville Island, Crustacea, Gastropoda, and Bivalvia were 
similarly important, comprising 71% of their diet (Fig. 3.4). Significant differences were 
found in the frequency of occurrence of Gastropoda, Bivalvia, Tunicata, and Crustacea in 
stomachs of blue cod among regions (Table 3.5). 
 
 
Table 3.2. Proportion of sampled blue cod stomachs that contained one or more prey items or 
were empty. The total sample size (n) is reported. 
Regions n % stomachs containing 
one or more prey items 
% stomachs 
empty 
Inner Marlborough Sounds 30 66.7 33.3 
Outer Marlborough Sounds 76 86.8 13.2 
Inner Tasman Bay 46 91.3 8.7 
Outer Tasman Bay 102 76.5 23.5 




Table 3.3. Permutational analysis of variance (PERMANOVA) comparing the diet 
composition of blue cod between paired regions (empty stomachs excluded). Pseudo-t, p-
value, unique permutations, and degrees of freedom (df; factor, error) are given. Significant 






Inner Marlborough Sounds vs Outer Marlborough 
Sounds 
3.183 0.0001 9959 1, 85 
Inner Marlborough Sounds vs Inner Tasman Bay 3.758 0.0001 8808 1, 61 
Inner Marlborough Sounds vs Outer Tasman Bay 3.166 0.0001 9805 1, 96 
Inner Marlborough Sounds vs D'Urville Island 2.678 0.0001 9956 1, 86 
Outer Marlborough Sounds vs Inner Tasman Bay 4.382 0.0001 9939 1, 106 
Outer Marlborough Sounds vs Outer Tasman Bay 4.564 0.0001 9944 1, 141 
Outer Marlborough Sounds vs D'Urville Island 4.141 0.0001 9942 1, 131 
Inner Tasman Bay vs Outer Tasman Bay 3.469 0.0001 9933 1, 117 
Inner Tasman Bay vs D'Urville Island 2.167 0.0008 9951 1, 107 
Outer Tasman Bay vs D'Urville Island 1.936 0.0066 9950 1, 142 






Figure 3.1. Principal coordinate analysis (PCO) of the Jaccard similarity of the 
presence/absence transformed diet composition of blue cod from the inner (grey downward-
pointing triangles) and outer (blue upward-pointing triangles) Marlborough Sounds, inner 
(yellow squares) and outer (orange diamonds) Tasman Bay, and D'Urville Island (green 
circles). Pearson correlation vectors are overlaid, note that some dietary groups overlap. 
 




Figure 3.2. Canonical analysis of principal coordinates (CAP) (m = 7) based on the Jaccard 
similarity of the presence/absence transformed diet composition of blue cod from the inner 
(grey downward-pointing triangles) and outer (blue upward-pointing triangles) Marlborough 
Sounds, inner (yellow squares) and outer (orange diamonds) Tasman Bay, and D'Urville 




Table 3.4. Proportion of blue cod classified to a region based on the Jaccard similarity of the 
presence/absence transformed diet composition. Rows represent the actual sampling region; 
columns represent the predicted region based on the diet composition. The sample size (n) is 
given. Correctly classified samples are in bold. 
n Actual region Predicted region 














21 Inner Marlb. Sounds 76 14 5 5 0 
66 Outer Marlb. Sounds 20 56 9 12 3 
42 Inner Tas. Bay 17 2 62 7 12 
77 Outer Tas. Bay 21 3 28 39 9 








Figure 3.3. Proportion of occurrence of dietary groups in the stomachs of blue cod in the 
inner Marlborough Sounds (grey, n = 30), outer Marlborough Sounds (blue, n = 75) and inner 
Tasman Bay (yellow, n =42), outer Tasman Bay (orange, n = 78), and D'Urville Island 
(green, n = 67). Note that the sum of % occurrence can be larger than 100, as one stomach 












Figure 3.4. Proportion of dietary groups in stomachs of blue cod from the inner and outer 




Table 3.5. Permutational analysis of variance (PERMANOVA) comparing the frequency of 
occurrence of each dietary group in samples among the regions: inner and outer Marlborough 
Sound, inner and outer Tasman Bay, and D'Urville Island, including the F-statistic, the 
significance level p, and the degrees of freedom (df; factor, error). Significant results (p < 






Pisces 2.274 0.0598 978 4, 268 
Polyplacophora 1.795 0.1258 2407 4, 268 
Gastropoda 15.706 0.0001 3891 4, 268 
Cephalopoda 0.908 0.4583 378 4, 268 
Bivalvia 8.523 0.0001 4210 4, 268 
Tunicata 44.579 0.0001 2599 4, 268 
Crustacea 8.198 0.0001 4298 4, 268 
Echinodermata 0.791 0.5338 765 4, 268 
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3.3.2 Stable isotopic analysis 
 The values of δ13C varied largely among blue cod sampled from the five regions, with 
the largest range observed in the inner Marlborough Sounds, from -15.8 to -19.9‰ (Fig. 3.5). 
The variation in δ13C and δ15N values was larger among blue cod from the inner and outer 
Marlborough Sounds than among blue cod from the inner and outer Tasman Bay (Fig. 3.5).  
The average δ13C values of blue cod were significantly different among the sampled 
regions (Kruskal-Wallis: Χ2 = 63.42, p <0.0001). A Steel-Dwass all pairs post-hoc test 
showed that δ13C values did not vary significantly among blue cod sampled from the inner 
Marlborough Sounds, (average ± S.E. -17.62 ± 0.24‰), outer Marlborough Sounds (-18.01 ± 
0.09‰), and the outer Tasman Bay (-18.19 ± 0.03‰) (Fig. 3.6A). There was no significant 
difference in δ13C values between blue cod from the inner Tasman Bay (-18.63 ± 0.06‰) and 
D'Urville Island (-18.63 ± 0.08‰), where the values of δ13C were on average the most 
depleted in the heavy isotope of 13C (Fig. 3.6A).  
The largest range of δ15N (12.29 to 15.82‰) values was observed in blue cod sampled 
from the outer Marlborough Sounds (Fig. 3.6B). The highest average values for δ15N were 
observed in blue cod sampled from the outer Tasman Bay region (15.05 ± 0.05‰) (Fig. 
3.6B). The lowest average values for δ15N were observed in blue cod sampled from the 
D'Urville Island region (13.53 ± 0.06‰) (Fig. 3.6B). δ15N values varied significantly among 
blue cod sampled from the five regions (ANOVA: F4,321 = 110.87, p < 0.0001). The Tukey 
HSD post-hoc test showed that δ15N values of blue cod sampled from the outer Tasman Bay 
region were significantly different to δ15N values of blue cod from the four other regions 
(Fig. 3.6B). There were no differences in the δ15N values between blue cod from the inner 
Marlborough Sounds (14.39 ± 0.09‰) and Inner Tasman Bay (14.43 ± 0.08‰) regions and 
between blue cod from the outer Marlborough Sounds (13.73 ± 0.07‰) and D'Urville Island 
regions (Fig. 3.6B). 
 The isotopic niche size (SEAC) of blue cod from the inner Marlborough Sounds (TA: 
6.13‰2, SEAC: 1.81‰
2) was larger than the isotopic niches of blue cod from the four other 
regions, even though the total area (TA) of their isotope niche was smaller than of blue cod 
from the outer Marlborough Sounds (TA: 6.72‰2, SEAC: 1.48‰
2) and D'Urville Island (TA: 
6.14‰2, SEAC: 1.13‰
2) (Fig. 3.7). The isotopic niche was smallest for blue cod from the 
inner (TA: 2.39‰2, SEAC: 0.62‰
2) and outer Tasman Bay (TA: 2.92‰2, SEAC: 0.47‰
2) 
(Fig. 3.7). 




Figure 3.5. Stable isotopic signatures (δ13C and δ15N) of blue cod sampled from the (A) inner 
Marlborough Sounds (n = 30), (B) outer Marlborough Sounds (n = 74), (C) inner Tasman 
Bay (n = 45), (D), outer Tasman Bay (n = 101), and (E) D’Urville Island (n = 75). Stable 
isotopic signatures of the source pools (macroalgae and suspended particulate organic matter 
[SPOM]) with trophic discrimination factors, Δ13C (+0.4) and Δ15N (+2.3) after McCutchan 











Figure 3.6. Boxplot showing the (A) δ13C and (B) δ15N values of blue cod sampled from the 
inner Marlborough Sounds (grey, n = 25), outer Marlborough Sounds (blue, n = 74), inner 
Tasman Bay (yellow, n = 45) and outer Tasman Bay (orange, n = 101), and D'Urville Island 
(green, n = 75). x represents the mean, horizontal line within the box represents the median, 
the bottom and top of the box correspond to the 25th and 75th quartiles of the data, 
respectively, the whiskers represent the minimum and maximum data, and outliers are points. 








Figure 3.7. Stable isotope biplot showing (A) the total area (TA) (polygons) of niche space 
occupied and (B) the standard (40%) ellipse area (SEAc) of the isotopic niche for blue cod 
from the inner Marlborough Sounds (grey), outer Marlborough Sounds (blue), inner Tasman 
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3.3.2.1 Mass balance mixing model and trophic level 
 Mass balance mixing models were used to estimate the trophic level and the 
proportion of macroalgae supporting the food webs of blue cod from the inner and outer 
Marlborough Sounds, inner and outer Tasman Bay, and D'Urville Island. Analysis of the 
trophic level and the proportion of organic matter derived from macroalgae supporting the 
food web of blue cod indicated differences among the five subpopulations (Fig. 3.8).  
The proportion of organic matter derived from macroalgae in the diet of blue cod was 
significantly different among subpopulations from the five sampled regions (Kruskal-Wallis: 
Χ2 = 151.73, p <0.0001), and was the most variable in the diet of blue cod from the inner 
Marlborough Sounds, ranging from 0 to 82.3% (average ± S.E., 47.6 ± 0.05%) (Fig. 3.9A). 
The smallest range of the proportion of organic matter derived from macroalgae was 
estimated for the blue cod subpopulation from the inner Tasman Bay, ranging from 30.6 to 
59.9% with an average of 40.9 ± 0.01%. There were no significant differences in the 
proportion of organic matter derived from macroalgae in the diet of blue cod from the inner 
Marlborough Sounds, outer Marlborough Sounds, and inner Tasman Bay (Fig. 3.9A). In the 
outer Marlborough Sounds, the proportion of macroalgae supporting the diet of blue cod 
ranged from 0.08 to 70.3%, with an average of 46.4 ± 0.02% (Fig. 3.9A). In the outer Tasman 
Bay, the proportion of organic matter derived from macroalgae raged from 52.5 to 79.7%, 
with an average of 65.4 ± 0.01%. The average proportion of the organic matter derived from 
macroalgae was the highest among blue cod from D'Urville Island, ranging from 44.6 to 
95.8%, with an average of 67.5 ± 0.02% (Fig. 3.9A). There was no statistical difference in the 
proportion of macroalgae supporting the food web between the outer Tasman Bay and 
D'Urville Island (Fig. 3.9A).  
The estimated trophic levels of blue cod varied significantly among the five sampled 
regions (ANOVA: F4,320 = 60.04, p < 0.0001). The average trophic level was highest among 
blue cod from the outer Marlborough Sounds (3.3 ± 0.03), ranging from 2.6 to 3.9 (Fig. 
3.9B). There was no significant difference in the trophic level between blue cod from the 
inner and outer Marlborough Sounds. In the inner Marlborough Sounds, the average trophic 
level of blue cod was 3.2 ± 0.04, ranging from 2.8 to 3.8 (Fig. 3.9B). The average trophic 
levels of blue cod from the two Marlborough Sound regions were significantly different from 
the trophic levels of blue cod from the inner Tasman Bay, outer Tasman Bay, and D'Urville 
Island. The average trophic level of blue cod from D'Urville Island was 2.7 ± 0.03, ranging 
from 2.2 to 3.4 (Fig. 3.9B). Blue cod from the inner Tasman Bay had an average trophic level 
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of 2.8, ranging from 2.5 to 3.3. There was no significant difference in the trophic level of blue 
cod from the inner Tasman Bay and D'Urville Island. Ranging from 2.5 to 3.6, the average 
trophic level of blue cod from the outer Tasman Bay was 3.0 ± 0.2 (Fig. 3.9B). 
Multivariate analysis demonstrated significant differences in trophic level and the 
proportion of macroalgae supporting the food web among blue cod from the inner and outer 
Marlborough Sounds, inner and outer Tasman Bay, and D'Urville Island (PERMANOVA: 
Pseudo-F4, 320 = 64.265, p = 0.0001). Pairwise tests indicated that the trophic positions of blue 
cod from the five sampled regions were all different from each other (Table 3.6). There were 
significant differences in the dispersion of the trophic position among regions (PERMDisp: 
Pseudo-F4,320 = 21.394, p = 0.0001). Pairwise tests indicated that blue cod from the inner and 
outer Marlborough Sounds had a significantly greater dispersion of values than blue cod from 
inner and outer Tasman Bay, and D'Urville Island (Table 3.6). Blue cod from D'Urville Island 
had a significantly greater dispersion in values than blue cod from the inner and outer 








Figure 3.8. Trophic level and the proportion of the food web supported by macroalgae of 
blue cod from the (A) inner Marlborough Sounds (grey), (B) outer Marlborough Sounds 
(blue), (C) inner Tasman Bay (yellow), (D) outer Tasman Bay (orange), and (E) D'Urville 
Island (green). Note the scaled y-axis. 




Figure 3.9. Boxplot showing the (A) proportion supported by macroalgae and (B) trophic 
level of blue cod sampled from the inner Marlborough Sounds (grey, n = 25), outer 
Marlborough Sounds (blue, n = 74), inner Tasman Bay (yellow, n = 45) and outer Tasman 
Bay (orange, n = 101), and D'Urville Island (green, n = 75). x represents the mean, horizontal 
line within the box represents the median, the bottom and top of the box correspond to the 
25th and 75th quartiles of the data, respectively, the whiskers represent the minimum and 
maximum data, and outliers are points. Boxes not connected by the same letter are 
significantly different from each other. Note the scaled y-axis. 
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Table 3.6. Pairwise permutational multivariate analysis of variance (PERMANOVA) and 
permutational analysis of multivariate dispersion (PERMDisp) test results indicating 
differences in trophic position as they relate to the proportion of macroalgae supporting the 
diet of blue cod from the five sampled regions. Pseudo-F statistic, p-values, and degrees of 
freedom (df; factor, error) are given. Df for PERMDisp: 4, 320. Significant differences (p < 
0.05) are in bold. 
Regions PERMANOVA PERMDisp 
 t p-value df t p-value 
Inner Marlborough Sounds vs Outer Marlborough 







Inner Marlborough Sounds vs Inner Tasman Bay 3.293 0.0002 1, 69 5.619 0.0001 
Inner Marlborough Sounds vs Outer Tasman Bay 6.311 0.0001 1, 125 7.266 0.0001 
Inner Marlborough Sounds vs D'Urville Island 7.290 0.0001 1, 99 4.360 0.0001 
Outer Marlborough Sounds vs Inner Tasman Bay 6.960 0.0001 1, 121 5.069 0.0001 
Outer Marlborough Sounds vs Outer Tasman Bay 8.705 0.0001 1, 177 7.129 0.0001 
Outer Marlborough Sounds vs D'Urville Island 11.582 0.0001 1, 151 3.406 0.001 
Inner Tasman Bay vs Outer Tasman Bay 11.712 0.0001 1, 144 0.637 0.528 
Inner Tasman Bay vs D'Urville Island 9.556 0.0001 1, 118 1.950 0.0539 
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3.3.2.2 Sensitivity analysis 
 The sensitivity analysis revealed that the mixing models were sensitive to the assumed 
δ13C values for the source pools. The average proportion of macroalgae supporting the diet of 
blue cod varied between 5 and 21% when the assumed base value for macroalgae was 
increased or decreased by up to 2 standard errors from the average (Fig. 3.10). The average 
proportion of SPOM supporting the diet of blue cod among the five sampled regions varied 
between 0.6 and 6% when the assumed base value for SPOM was increased or decreased by 
up to 2 standard error from the average (Fig. 3.10). The mixing models used to determine the 
trophic level of blue cod from the inner and outer Marlborough Sounds, outer Tasman Bay, 
and D'Urville Island were more dependent on the assumed δ13C value for macroalgae source 
pool than on the assumed SPOM source pool. The mixing model used to determine the 
trophic level of blue cod from the inner Tasman Bay was equally dependant on the assumed 
δ13C values for macroalgae and SPOM. 
 The mixing models were dependant on the assumed fractionation of 2.3 for Δ15N. The 
increases of the trophic level varied between 1.13 and 1.36 for blue cod among the five 
sampled regions when the assumed fractionation was increased from 1.84% to 2.76% (Fig. 
3.11). The mixing models used in the present study were sensitive to the trophic 
discrimination factor used in the analyses.  




Figure 3.10. Sensitivity of the proportion of macroalgae in the diet of blue cod from the (A) 
inner Marlborough Sounds, (C) outer Marlborough Sounds, (E) inner Tasman Bay, (G) outer 
Tasman Bay, and (I) D'Urville Island; and SPOM in the diet of blue cod the (B) inner 
Marlborough Sounds, (D) outer Marlborough Sounds, (F) inner Tasman Bay, (H) outer 
Tasman Bay, and (J) D'Urville Island, determined via Iso-Error mixing models, to the 
assumed base values (δ13C) of macroalgae and SPOM. Note the scaled y-axis. 




Figure 3.11. Sensitivity of the trophic level determined via Iso-Error mixing models, to the 
assumed trophic fractionation of Δ15N in the diet of blue cod from the inner Marlborough 
Sounds (grey), outer Marlborough Sounds (blue), inner Tasman Bay (yellow), outer Tasman 
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3.3.3 Ontogenetic variation in trophic ecology 
 Pooled across regions, δ13C values varied negatively with blue cod length (r2 = 0.05, p 
< 0.0001). Smaller blue cod had δ13C values that were more depleted in the heavy isotope 13C 
than larger blue cod did (Fig. 3.12A). This trend was not consistent across the regions (Table 
3.7, Fig. 3.13A). Values of δ15N decreased with increasing total length pooled across all 
regions (r2 = 0.04, p = 0.0006) (Fig. 3.12B), however an ANOCOVA demonstrated that 
values of δ15N varied were more among regions than with total length (Table 3.7, Fig. 
3.13B). δ15N values of blue cod from the inner and outer Marlborough Sounds increased with 
increasing length (Fig. 3.13B). The trophic level increased significantly with increasing total 
length of blue cod pooled across regions (r2 = 0.07, p < 0.0001) (Fig. 3.12C), but the trophic 
level of blue cod from both Tasman Bay regions decreased with total length (Table 3.7, Fig. 
3.13C). There was no relationship between the proportion of organic matter derived from 
macroalgae supporting the diet and the total length of blue cod pooled across regions (r2 = 
0.0002, p = 0.7836) (Fig. 3.12D). However, the ANCOVA demonstrated that the proportion 
of organic matter derived from macroalgae supporting the diet of blue cod was dependent on 
both, length class and region (Table 3.7, Fig. 3.13D). There was a relationship between the % 
occurrence of Gastropoda and length classes (r2 = 0.25, p = 0.0312), however, the ANCOVA 
only showed significant differences among regions (Table 3.7, Fig. 3.12F, Fig. 3.13F). There 
was no relationship between the average % occurrence of bivalves in stomachs of blue cod 
and total length (r2 = 0.03, p = 0.5) pooled across regions (Fig. 3.12H). However, an 
ANCOVA indicated that total length was significantly correlated with the % occurrence of 
bivalves in the diet of blue cod. Larger blue cod had more often bivalves in their stomachs 
than smaller blue cod (Table 3.7, Fig. 3.13H). The % occurrence of Crustacea in blue cod 
stomachs significantly decreased with increasing total length pooled across regions (r2 = 
0.53, p = 0.0006) (Fig. 3.13I). However, the ANCOVA only detected a significant difference 
between regions (Table 3.7, Fig.3.13I). The relationship between the % occurrence of other 
benthic invertebrates in blue cod stomach and total length was marginal (r2 = 0.22, p = 
0.0505) (Fig. 3.12J). The ANCOVA indicated that length class was a significant predictor of 








Figure 3.12. Ontogenetic variation in the trophic ecology of blue cod pooled across the five 
sampled regions. Shown are the relationships between length class (mm) and the average (± 
S.E.) (A) δ13C, (B) δ15N, (C) trophic level, (D) proportion of the diet supported by 
macroalgae, (E) % occurrence Polyplacophora, (F) % occurrence Gastropoda, (G) % 
occurrence Cephalopoda, (H) % occurrence Bivalvia, (I) % occurrence Crustacea, and (J) % 
occurrence other benthic invertebrates. Regression lines are only fitted to significant 
relationships. Note the scaled y-axis. Dietary groups were averages over 20 mm size classes. 
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Table 3.7. Results of analysis of covariance (ANCOVA) examining the changes in the 
trophic ecology of blue cod as a function of total length (20 mm size classes for dietary 
groups) at five regions (inner and outer Marlborough Sounds, inner and outer Tasman Bay, 
and D'Urville Island). The model r2 value, degrees of freedom (df; factor, error), F-statistic, 
and p-values are given. Significant results are in bold. 
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Figure 3.13. Results of analysis of covariance (ANCOVA) examining the changes in the 
trophic ecology of blue cod from the inner (grey) and outer (blue) Marlborough Sounds, inner 
(yellow) and outer (orange) Tasman Bay, and D'Urville Island (green). Shown are the 
relationships between length class (mm) and (A) δ13C, (B) δ15N, (C) trophic level, (D) 
proportion of the diet supported by macroalgae, (E) % occurrence Polyplacophora, (F) % 
occurrence Gastropoda, (G) % occurrence Cephalopoda, (H) % occurrence Bivalvia, (I) % 
occurrence Crustacea, and (J) % occurrence other benthic invertebrates. Note the scaled y-
axis. Dietary groups were averages over 20 mm size classes.  




 The data and results presented here provide evidence for the spatial variability in diet 
and values of δ13C and δ15N, as well as the composition of the basal organic matter sources 
supporting food webs of blue cod across regions in the Marlborough Sounds and Tasman 
Bay. The results are consistent with the idea that blue cod are generalist carnivores, and that 
their diet was likely dependent upon the availability of prey among habitats (Jiang & 
Carbines 2002).  
 Stomach content analysis indicated significant spatial differences in the variety and 
occurrence of specific dietary groups in stomachs of blue cod in the Marlborough Sounds and 
Tasman Bay. While the majority of dietary groups were consumed by blue cod in all five 
regions, the frequency of occurrence of particular prey items varied significantly among 
regions. Tunicates in the form of colonial ascidians occurred significantly more frequently in 
stomachs of blue cod from the outer Marlborough Sounds than in any other region. Blue cod 
from the inner Marlborough Sounds had a significantly higher occurrence of bivalves in their 
stomachs than blue cod from the four other regions. Gastropoda occurred significantly more 
often in the diet of blue cod from the Tasman Bay and D'Urville Island regions, particularly 
in the inner Tasman Bay. Crustaceans were the predominant prey of blue cod from the outer 
Tasman Bay. Blue cod from D'Urville Island preyed equally on crustaceans, bivalves, and 
gastropods. Differences in the occurrence of specific prey items indicated differences in the 
abundance and composition of benthic organisms among the Tasman Bay and Marlborough 
Sound regions. Extensive trawling for finfish and dredging for scallops and oysters, 
commercially as well as recreationally, have substantially modified the habitat and reduced 
biogenic structures within Tasman Bay (Newcombe et al. 2015, Tuck et al. 2017). Even 
though brown algal assemblages were present within the intertidal zones in Tasman Bay, 
large kelp forests were lacking. The number of identified infauna taxa decreased from 29 to 
18 between benthic survey in 2006 and 2016, predominantly composed of crustaceans, 
molluscs, and annelids (Gillespie & Keeley 2007, Johnston & Gillespie 2016).  
Habitat degradation in Tasman Bay has had particularly adverse effects on epifaunal 
organisms such as horse mussels, sponges, and colonial ascidians and reduced their 
abundance significantly (Handley 2006, Newcombe et al. 2015, Tuck et al. 2017). In contrast, 
within the inner and outer Marlborough Sounds colonial ascidians, next to a variety of 
different taxa and species, including rhodoliths, barnacles, tubeworms, bryozoans, horse 
mussels, and sponges, are important constructors of biogenic habitats (Davidson et al. 2010). 
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The significantly higher proportion of occurrence of colonial ascidians in the diet of blue cod 
from the inner and particularly the outer Marlborough Sounds indicated that blue cod in these 
regions likely fed within biogenic reef structures.  
In contrast to stomach content analysis, which provided a snapshot of the recent diet, 
stable isotope values of δ13C and δ15N of muscle tissue provide information on food resources 
assimilated over a year (Suring & Wing 2009). Blue cod from the inner and outer 
Marlborough Sounds were on average less depleted in δ13C but had a broader range of δ13C 
values than blue cod from the Tasman Bay and D'Urville Island regions. These results 
indicated that blue cod from the Marlborough Sounds likely fed on a broader range of benthic 
and pelagic basal carbon sources. In contrast, the small dispersion of δ13C values of blue cod 
in the inner and outer Tasman Bay regions indicated that carbon sources were either limited 
or that blue cod specialised on certain prey items. Both subpopulations preyed on various 
prey items but seemed to consume predominantly gastropods or crustaceans, respectively. 
δ15N values were on average largest for blue cod from the outer Tasman Bay region, 
which suggested that this subpopulation fed on a relatively high trophic level. However, this 
was not supported by the results of the stomach content analysis. A possible explanation for 
the elevated δ15N values in the outer Tasman Bay region could be nutrient enrichment 
through anthropogenic sources of pollution and its effect on the basal value of δ15N. 
Consequentially, runoff from agricultural land, sewage, or wastewater are known to enhance 
δ15N values in marine systems (Hansson et al. 1997, Dailer et al. 2010). 
 Blue cod from the inner and outer Marlborough Sound regions occupied significantly 
higher average trophic levels than blue cod from the inner and outer Tasman Bay, and 
D'Urville Island. Additionally, mixing model results indicated that blue cod from the inner 
and outer Marlborough Sounds fed on a larger variety of basal carbon sources than blue cod 
from the other three regions. The habitat in the inner and outer Marlborough Sounds was 
characterised by the abundance of some kelp forest, biogenic and rocky reefs. Biogenic 
habitats, where multiple species build the reef, likely provided the base for more complex 
food webs and trophic linkages (Estes et al. 2004, Kent et al. 2017), resulting in higher 
trophic levels and a larger variety of basal carbon sources of blue cod from the inner and 
outer Marlborough Sounds. The observed large variety of basal carbon sources may have 
indicated a high degree of individual specialisation within the subpopulations, which can 
have ecological, evolutionary, and conservation consequences. For example, individual 
specialisation may reduce intrapopulation competition (Bolnick et al. 2003). In the case of 
blue cod, individual specialisation may occur due to its territorial and small-ranging nature 
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(Mace & Johnston 1983, Cole et al. 2000). Some individuals in the inner Marlborough 
Sounds may only feed within a small home-range, which may limit access to a broader diet 
(Fry et al. 1999), resulting in a high degree of individual specialisation and a broader range of 
basal organic matter sources. 
 The results of the mixing model also indicated that SPOM was the primary source of 
carbon for blue cod from the inner Tasman Bay. Little variation in the data suggested that the 
range of resources used by blue cod in this area was relatively small compared to blue cod 
from the inner and outer Marlborough Sounds. The proportion of organic matter derived from 
macroalgae was higher among subpopulations of blue cod from the outer Tasman Bay and 
D'Urville Island. The habitat in both regions was severely disturbed due to scallop and oyster 
dredges, with little to no occurrence of biogenic reefs (Handley 2006, Newcombe et al. 
2015). Some small patches of macroalgae of the genus Carpophyllum were present. Blue cod 
from the outer Tasman Bay and D'Urville Island may have fed on crustaceans that fed on 
detritus from these macroalgae.  
 The isotopic niches of blue cod were quantified for each subpopulation. It was 
hypothesised that based on extensive habitat destruction due to shellfish dredges in the 
Tasman Bay regions, blue cod here would have smaller isotopic niches than blue cod in the 
Marlborough Sound. The results of the analysis of the standard ellipse area (SEAc) supported 
this hypothesis and demonstrated that the isotopic niches of blue cod in the inner and outer 
Tasman Bay were smaller than those of blue cod in the Marlborough Sounds. The isotopic 
niche of blue cod from D'Urville Island was larger than that of blue cod from Tasman Bay 
but smaller than those of blue cod from the Marlborough Sounds. Additionally, the results 
indicated that niche breadth, based on the trophic level and the proportion of organic matter 
derived from macroalgae, was significantly larger among subpopulations from the 
Marlborough Sounds and D'Urville Island than those of subpopulations of blue cod from the 
inner and outer Tasman Bay. Together these results demonstrated that the ecological niche of 
blue cod in the two Tasman Bay regions was significantly narrower than those of blue cod 
from the Marlborough Sounds and D'Urville Island. Narrow ecological niches indicated 
limited use of resources of blue cod in the inner and outer Tasman Bay. In contrast, the larger 
ecological niches of subpopulations of blue cod in the Marlborough Sounds indicated high 
prey diversity. High individual niche variation within a population may be beneficial, as it 
can buffer the population against the loss of a particular habitat (Bolnick et al. 2003), loss in 
resources due to climate change or habitat destruction (Möllmann et al. 2005, de Carvalho et 
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al. 2019), and may provide some degree of genetic variation, which is needed to adapt to 
changing environments (Knudsen et al. 2010).  
The observed dietary specialisation of blue cod in the Marlborough Sounds and 
Tasman Bay was likely the result of differences in the availability of some prey items within 
an individual's foraging range. Extreme seabed destruction in Tasman Bay has led to the 
disappearance of biogenic habitat, and thereby to the disappearance of benthic invertebrates 
that are suitable prey for blue cod (Handley 2006, Newcombe et al. 2015). Therefore, the 
dietary specialisation of blue cod in the inner and outer Tasman Bay likely was a passive 
consequence of the local abundance of prey items. Jiang & Carbines (2002), found that blue 
cod that occupied habitats with reduced species abundance and diversity due to oyster 
dredges, primarily fed on crustaceans, similar to blue cod from the outer Tasman Bay in the 
present study. Though not explicitly analysed, Jiang & Carbines (2002) found that prey 
diversity was higher among blue cod in biogenic reefs, indicating that the trophic niche of 
blue cod in this habitat was likely also larger, as they preyed on a wider variety of prey items. 
Further, the individual growth of young blue cod in Foveaux Strait was slower in dredged, 
low biodiversity habitats than in biogenic reef habitats (Carbines et al. 2004).  
In the present study, ontogenetic differences in δ13C values, trophic level, the 
proportion of occurrence of some dietary groups were detected when blue cod were pooled 
across regions. Larger blue cod were less depleted in δ13C than smaller blue cod, indicating a 
potential shift from a food web supported by pelagic production to a food web supported by 
benthic production with increasing length. When pooled across regions, trophic level 
increased with increasing length of blue cod. The observed pattern could indicate that larger 
blue cod may feed on a larger variety of prey or larger sized prey that itself feeds on a larger 
variety. A higher number of trophic transfers could result in higher trophic level consumers. 
Alternatively, larger blue cod may be supported by food webs that are relatively enriched in 
δ15N at the base. When pooled across regions, the proportion of occurrence of gastropods 
decreased with increasing length class. Gastropods were significantly more important in the 
diet of blue cod from the inner and outer Tasman Bay and D'Urville Island than in the diet of 
blue cod from the Marlborough Sounds, as indicated by stomach content analysis. It could be 
that with increasing length, gastropods become a less important prey item for blue cod, 
however, no large blue cod were sampled in the regions where gastropods were important for 
blue cod, therefore, this result may have been biased. The observed pattern was supported by 
an analysis of covariance that indicated differences in the proportion of occurrence of 
gastropods in the diet of blue cod between regions but not among length classes. The analysis 
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of covariance indicated that the proportion of occurrence of bivalves increased significantly 
with increasing length but was not affected by region, even though the proportion of bivalves 
decreased with increasing length for blue cod in the outer Marlborough Sound.  
Differences in the diet among length classes have been observed for blue cod in 
Foveaux Strait, where larger blue cod preyed on a broader diversity of prey items than 
smaller individuals (Jiang & Carbines 2002). It is generally thought that a larger size provides 
the opportunity to feed on larger and more diverse prey items (Bulman et al. 2001, Davenport 
& Bax 2002). Food availability can affect growth and reproduction in tropical (Clifton 1995, 
Donelson et al. 2010), temperate (Anderson & Sabado 1995, Ouellet et al. 2001, Möllmann et 
al. 2005), and deep-sea fish (Laptikhovsky 2005), as different types of prey can have 
different energetic values (Steimle & Russell 1980). For example, pelagic prey, such as 
zooplankton and fish, are often of higher energetic value than benthic invertebrates (Steimle 
& Russell 1980). Differences in growth and condition of blue cod inhabiting inner and outer 
fjord habitats in Fiordland have been attributed to differences in their basal organic matter 
sources and diet composition (Beer & Wing 2013). Blue cod from the outer fjords that fed on 
a more pelagic diet fuelled by organic matter derived from macroalgae had higher growth 
rates and were in better condition compared to blue cod in the inner fjords, where a large 
proportion of the diet was composed of diverse but energetically low benthic species (Beer & 
Wing 2013). Similarly, Carbines et al. (2004) demonstrated that young blue cod in Foveaux 
Strait had slower growth among habitats degraded by oyster dredges than those inhabiting 
biogenic reefs. Even though the direct effect of differences in diet on growth of blue cod 
among the different regions has not been directly tested in the present study, significant 
differences in growth of blue cod subpopulations have been observed (see Chapter 2). These 
differences were attributed to the long-term overexploitation of blue cod in the Marlborough 
Sounds and Tasman Bay, however the observed differences in prey consumption and basal 
organic matter sources among habitats may further limit growth, which may also decrease the 
reproductive potential of blue cod (e.g. Roney et al. 2018).  
 The results of the present study demonstrated significant differences in the trophic 
ecology of blue cod subpopulations from the inner and outer Marlborough Sounds, inner and 
outer Tasman Bay, and D'Urville Island. While the analysis of the stomach contents did not 
resolve differences in the range of prey types that were consumed by blue cod among the 
regions, blue cod from the inner and outer Tasman Bay primarily fed on gastropods and 
crustaceans as their primary resource, respectively. Mixing model results indicated that 
macroalgae were the primary source of basal organic matter for blue cod from the outer 
Chapter 3  Trophic niche of blue cod 
107 
 
Tasman Bay and D'Urville Island, while blue cod from the inner Tasman Bay relied more 
heavily on SPOM as their basal organic matter source. In contrast, the high dispersal of δ13C 
values of blue cod from the inner and outer Marlborough Sounds indicated a range of 
alternative basal organic matter sources. Accordingly, isotopic niche and niche breadth 
analysis showed that subpopulations from the two regions in the Marlborough Sounds had 
large trophic niches, indicating that individual specialisation in these regions was high, 
resulting in large generalist population-niches. In contrast, trophic niches of the inner and 
outer Tasman Bay subpopulations were significantly smaller, indicating that individual blue 
cod likely fed on similar prey items with little variation. Ontogenetic changes in δ13C, trophic 
level, and the frequency of occurrence of some dietary groups in the diet of blue cod were 
observed, indicating that with increasing length, the diet of blue cod may change. However, 
these observations may have been biased by the differences in length frequency and growth 
among subpopulations. The observed differences have important implications for local 
population productivity as diet, growth, and reproductive output are closely related. 
Therefore, preserving high quality, multi-species habitat for large omnivorous predators, such 
as blue cod, may be crucial for growth and reproductive success and calls for adequate 
ecosystem-based management strategies, such as the placement of protected areas within the 






















Using otolith trace elemental signatures to resolve 
movement patterns and connectivity of blue cod 
(Parapercis colias) in coastal environments 
 
 
Three blue cod (Parapercis colias) of different colour phases photographed in the 
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Blue cod (Parapercis colias) are subject to commercial and recreational fisheries 
throughout New Zealand. Despite its importance as an exploited species, information on 
population structure, adult and larval dispersal remain scarce. The present study aimed to 
elucidate adult movement and connectivity of blue cod in the Marlborough Sounds and 
Tasman Bay, by using otolith trace element microchemistry to provide a natural tag. Laser 
ablation inductively coupled plasma mass spectrometry (LA ICP-MS) was used to resolve 
concentrations of trace elements in the edge, core, and successive growth increments of 
otoliths. PERMANOVA results demonstrated significant differences in the multivariate 
elemental signatures of the otolith cores of blue cod from Tasman Bay and the Marlborough 
Sounds, indicating discrete larval source pools supporting the different regions. Discriminant 
function analysis, through reclassification-to-region success rates, suggesting high site 
fidelity of blue cod from the outer Marlborough Sounds. The elemental signatures of otolith 
cores of blue cod from this region were not different from those of blue cod from the inner 
Marlborough Sounds, implying that the outer Marlborough Sounds blue cod subpopulations 
may have acted as a larval source for the inner Marlborough Sounds sink-subpopulation. No 
differences were found in the elemental signatures of otoliths of blue cod from the outer 
Tasman Bay and D'Urville Island, likely due to similarities in the physico-chemical 
properties of the water masses. Yearly average proportions of trace elemental signatures of 
blue cod misclassified by discriminant function analysis (DFA) sampled from D'Urville 
Island were high, indicating that this population was connected with both, Tasman Bay and 
Marlborough Sounds subpopulations by adult dispersal. Otolith microchemistry has provided 
novel, retrospective information on potential movement and connectivity patterns of blue cod 
in the Marlborough Sounds and Tasman Bay, with important implications for the spatial 
management of this species. 
 











Connectivity within population networks, defined as the exchange of individuals between 
subpopulations, is a key driver of spatial population dynamics (Hixon et al. 2002, Kritzer & 
Sale 2006). Understanding spatial population dynamics and the degree to which populations 
are connected is essential for the effective implementation of marine protected areas and 
spatial management strategies (Quinn et al. 1993, Jack & Wing 2013). Larval dispersal, as 
well as the exchange of recruits and juveniles, have been recognized as important drivers for 
the spatial and demographic structure of marine populations (Palumbi 2003, Cowen & 
Sponaugle 2009, Wing 2009). However, recent studies indicated that local retention of larval 
fish can be high and that population connectivity via larval dispersal may be overestimated in 
some cases (Cowen et al. 2000, Swearer et al. 2002). Exchanges of individuals via adult 
movement is also an important component of population connectivity and may be equal to, or 
greater than, connectivity mediated by larval dispersal (Frisk et al. 2014). 
One crucial property of adult movement within population networks is that the 
addition of adults can instantaneously increase the potential fecundity of the recipient 
population. However, tracking the movement of adult fish in the ocean can be challenging. 
Mark-recapture experiments have been used to follow the movement of adult fishes (Mace & 
Johnston 1983, Broadhurst et al. 2005). The most commonly used types of tags are plastic 
tags, pop-up satellite tags, and electronic data storage tags. The success of these types of 
studies heavily relies on the recapture success of individuals, battery life, and the 
transmission of recorded information (Block et al. 2011, Sturrock et al. 2012). Mark-
recapture studies and experiments are often expensive and rely on large sample sizes of 
tagged fish to allow for sufficient recaptures to provide reliable data (Block et al. 2011, 
Trueman et al. 2012).  
Natural tags, such as stable isotope values of muscle tissue (Rodgers & Wing 2008), 
stable isotopes or composition of amino-acid and fatty acids (Jack et al. 2009, Wing et al. 
2012a b), molecular genetic markers (Palumbi 2003), morphology (Lawton et al. 2010), and 
otolith shape (Vignon 2012), as well as the trace elemental signatures of otoliths or skeletal 
material (Campana 1999, Beer et al. 2011a, Jack et al. 2011), offer a relatively inexpensive, 
reliable alternative to artificial tags, providing varying information on movement and life 
history. Particularly otolith trace elemental signatures are a useful tool to retrospectively 
study life history, movement, connectivity, and natal origin of fishes (Sturrock et al. 2012) 
and have been used to determine subpopulation or stock structure, discriminate between 
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migrant and resident individuals, reconstruct lifetime movement patterns, or as a record of 
environmental variability (Lawton et al. 2010, Beer et al. 2011b, McMullin et al. 2017).  
Otoliths are calcified structures located in the inner ear of all teleost fishes, used for 
hearing and balance. They are metabolically inert, i.e. material incorporated into the otolith 
cannot be resorbed or reworked (Campana & Neilson 1985). Otoliths develop in the fish's 
embryonic stages and grow continuously through daily increments of calcium carbonate 
aragonite crystals, organic matrix, and small quantities of other elements (Campana & 
Neilson 1985, Payan et al. 2004, Høie et al. 2008). The use of information from otoliths has 
multiple advantages over the use of artificial tags. For example, otoliths are present in every 
teleost fish species from early life, they are permanent, and can be related to fish age (Elsdon 
et al. 2008).  
The otolith chemical composition reflects the physico-chemical conditions of the 
water surrounding the fish at the time of deposition (Campana et al. 2000, Hüssy et al. 2020). 
It is a valuable tool for the study of movement and life-history characteristics of fishes 
(Elsdon & Gillanders 2006, Fowler et al. 2017). Through daily and seasonal growth bands, 
otoliths can be used to estimate the age of fishes, allowing for time-resolved chemical 
analyses (Campana & Thorrold 2001). By resolving the concentrations of trace elements in 
the successive growth increments, otoliths can provide information about the environments a 
fish has experienced during its lifetime. Otolith elemental signatures will be uniquely 
different among groups depending on sufficient physico-chemical differences among 
environments, the time a fish spend in an environment prior to sampling, and the selection of 
elements to be analysed (Elsdon et al. 2008). There are some caveats to consider when using 
otolith trace elements to track movement and connectivity of fish populations. Firstly, many 
elements are under strict physiological control and thus may be unsuitable as environmental 
indicators, e.g. for otoliths this includes major elements such as oxygen (O), calcium (Ca) and 
Carbon (C), as well as some minor elements (Kerr & Campana 2013). These elements can 
still be useful biological tracers as long as they vary significantly among populations. 
Secondly, trace elements that seem to be more suitable as environmental indicators are 
detectable but only in small quantities (<100ppm). Their lower concentrations make them 
less likely to be osmoregulated by fish, but it also makes them more difficult to analyse with 
accuracy and without contamination (Kerr & Campana 2013). Lastly, barely ever are trace 
elements incorporated in direct proportion to environmental availability (Kerr & Campana 
2013, Hüssy et al. 2016), and temperature, growth, reproduction, ontogeny, and age are 
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known to influence otolith trace element composition (Kalish 1991, Walther et al. 2010, 
Sturrock et al 2012).  
 Fifty elements have been detected in fish otoliths to date, with calcium (Ca), carbon 
(C), oxygen (O), and nitrogen (N) as the major elements. Chloride (Cl), sulphur (S), 
magnesium (Mg), sodium (Na), phosphorus (P), strontium (Sr) and potassium (K) are found 
in concentrations >100 ppm, and the majority of elements is found at concentrations 
>100 ppm (Campana 1999, Sturrock et al. 2012, Hüssy et al. 2020). Some elements, such as 
lithium (Li), magnesium (Mg), manganese (Mn), strontium (Sr), and barium (Ba), are often 
used to track the movement of fishes, due to their environmental heterogeneity and their 
detectability above the detection limit (Sturrock et al. 2012, Hüssy et al. 2020). The 
concentrations of phosphorus (P), magnesium (Mg), zinc (Zn), copper (Cu), and lead (Pb) in 
otoliths are under physiological control and vary with the development stage, length, and age 
of fishes. They, therefore, provide useful information on differences in food intake and 
growth among populations (Geffen et al. 2003, Morales-Nin et al. 2005, Halden & Friedrich 
2008, Sturrock et al. 2015, Hüssy et al. 2016, 2020). The elemental signature in otoliths of an 
individual or those of a population can vary temporally and spatially, due to differences in 
temperature, salinity, and water chemistry (Elsdon et al. 2008). To measure otolith elemental 
concentration, solution-based or laser ablation (LA) inductively coupled plasma mass 
spectrometry (ICP-MS) are commonly used. Solution-based ICP-MS measures the bulk 
elemental concentration of the whole otolith, disregarding heterogeneity within each otolith 
(Ludsin et al. 2006). In contrast, LA ICP-MS can be used to identify fine-scale patterns in 
otolith elemental concentrations (Sanborn & Telmer 2003, Fairclough et al. 2011). 
Identifying these fine-scale patterns in combination with the ability to age a fish based on 
optical differences in otolith growth rings allows for a detailed reconstruction of a fish's 
lifetime environmental and physico-chemical history.  
 Blue cod (Parapercis colias) are distributed throughout New Zealand from the 
shallow subtidal to the shelf edge. Larval life history and recruitment patterns in blue cod are 
poorly understood. It is thought that settlement occurs after approximately ten days as pelagic 
eggs and larvae (Rapson 1965). Mark-recapture studies, stable isotopic studies, and otolith 
trace element analysis of adult blue cod populations in New Zealand's Fiordland showed that 
blue cod were spatially structured and formed discrete subpopulations at a scale of 10 to 
20 km (Carbines & McKenzie 2004, Rodgers & Wing 2008, Beer et al. 2011b, Wing et al. 
2012a). For example, a tagging study of blue cod in the Marlborough Sounds, with 2430 
tagged blue cod and 84 returned tags, has shown that most tagged fish remained near their 
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capture locations (Mace & Johnston 1983). Some individual movement of up to 41.7 km was 
observed. During a separate tagging program in Southland, New Zealand, with 9368 tagged 
individuals and 743 returned tags, greater individual movement of up to 156 km has been 
recorded, but most fish remained within 1 km (60%) or 10 km (87%) of their release location 
(Carbines & McKenzie 2001). Carbines & McKenzie (2001) concluded that even though 
some individual blue cod moved large distances, mixing among populations was slow, and 
some subpopulations acted as sources that donated individuals to sink populations.  
 Spatial management of marine populations is most effective when structure, 
movement, and connectivity of subpopulations are resolved so that marine protected areas 
can be strategically placed (Jack & Wing 2013). The present study aimed to resolve the 
population structure of blue cod in five regions in the Marlborough Sounds and Tasman Bay, 
New Zealand by evaluating temporal and regional variations in the trace element signatures 
of otoliths collected in 2018. Each of the otoliths examined provided at least five years of 
continuous record between 2014 and 2018 to assess long-term movement patterns of blue cod 
among the five sampled regions. It was tested whether otolith elemental signatures could be 
used as natural tags that were specific to a region and variable among regions, allowing one 
to resolve movement of adult blue cod among the sampled regions, and to identify the larval 
origin. Specifically, it was addressed whether (1) spatial population structure of blue cod can 
be resolved by their multivariate trace element signatures of the otolith edge, representing the 
newest deposited material, (2) larval source pools can be identified using the multivariate 
trace element signatures of otolith core, representing the earliest deposited material, (3) 
similarities in the elemental signatures of the otolith core and the edge can indicate long-term 
residence, and (4) yearly movement patterns of blue cod among the sampled regions can be 
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4.2 MATERIALS AND METHODS 
4.2.1 Sample sites 
Blue cod were sampled from the inner (n = 14) and outer Marlborough Sounds (n = 
30), the inner (n = 20) and outer (n = 23) Tasman Bay, and D'Urville Island (n = 31), New 
Zealand. The inner Marlborough Sounds region included five sites: Clay Point 1, Bird Island, 
Kauauroa Point, Te Pangu Bay, and Waiata Salmon Farm. The outer Marlborough Sounds 
region included four sites: Billhook Point, Old Man's Head, Clay Point 2, and Motungarara 
Island. Two sites were sampled in the outer Tasman Bay region: Separation Point and 
Hapuka Reef. One site, Cape Soucis, was sampled for the inner Tasman Bay region, and one 





Figure 4.1. Map of (A) New Zealand and (B) the sample regions in the inner (grey 
downward-pointing triangles) and outer (blue upward-pointing triangle) Marlborough 
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4.2.2 Otolith preparation and ageing 
The sagittal otoliths of each blue cod were removed by cranial dissection and rinsed in 
Milli-Q water to remove any soft tissue. Otoliths were then air-dried before being stored in 
sterile Eppendorf tubes. One of each pair of otoliths was embedded in K36 epoxy resin 
(Epoxy Kit, Nuplex Industries Inc., Auckland, New Zealand) and transverse sections (~1 mm 
thick) were cut through the primordium using a Buehler Isomet low-speed diamond bladed 
saw. The sections were mounted on glass slides using crystalbond 509 (Amerco Products 
Inc., NY). The otoliths were then ground and polished using wet-dry sandpaper (grades P600 
and P800) followed by ultrafine sandpaper (grade P1500) in combination with alumina 
silicate polishing powder until the growth increments were clearly visible. Ages were 
estimated from photomicrographs of sectioned otoliths prior to LA-ICP-MS analysis. Image 
processing software (ImageJ) was used to improve the contrast and clarity of images and 
allow a more accurate reading of the annual growth increments.  
 
4.2.3 LA-ICP-MS 
 Otolith trace element profiles were obtained using laser ablation quadrupole 
inductively coupled plasma mass spectrometry (LA ICP-MS). LA ICP-MS was carried out 
using an Agilent 7900ce ICP-MS coupled to a Coherent 193nmArF excimer laser controlled 
by an ASI RESOlution M-50 laser ablation system. Measurements were made in the Centre 
for Trace Element Analysis at the Department of Chemistry, University of Otago, Dunedin, 
New Zealand. A total of 12 elements were selected to be included in the LA-ICP-MS 
analysis: Li, B, Mg, P, Mn, Fe, Cu, Zn, Sr, Sn, Ba, and Pb. 
 The change of the trace element concentrations over the lifetime of a blue cod was 
analysed via an ablation transect from the core of the otolith to the outer edge. Otoliths, 
mounted on glass slides, were placed in a sample cell, and visually located via a 400x 
magnification video imaging system. To remove contaminants from the surface of the otolith, 
a 100 μm diameter transect running from the core to the edge of the otolith was laser ablated 
before data collection began. To analyse the change of trace element concentrations over the 
lifetime of a blue cod, a transect of 75 μm diameter was then run over the pre-ablated zone 
from the core to the edge of the otolith at a speed of 10 μm s-1. The laser was operated with a 
firing frequency of 5Hz, with a sample fluence of 2.2 ± 0.1 J cm-2. Ablation occurred in an 
atmosphere of pure helium to minimize the re-condensation of ablated materials and potential 
elemental fractionation. Software-controlled gas flows of helium and nitrogen and ICP-MS 
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controlled argon carrier gas were tuned to maximize signal intensities of 138Ba and 88Sr while 
minimizing oxides and mass fraction by monitoring ablation of the NIST SRM 612 certified 
reference calibration glass (National Institute of Standards and Technology, U.S.A.). 
Standards (NIST 612, NIST 610, and MAC-3) were analysed before and after blocks of 5 to 7 
samples.  
 
4.2.4 Data processing 
 Data reduction and processing were performed using the software package IOLITE 
(Version 3.4) run on Igor Pro version 6.37 (WaveMetrics, Inc., Lake Oswego, OR, USA) 
(Paton et al. 2011). Raw element count data were normalized as molar ratios to calcium, 
which were then calibrated against data from NIST 610 ablations to generate elemental 
concentrations. The accuracy and precision of measurements were monitored by examining 
data from the MACS-3 otolith United States Geological Survey (USGS) reference material, 
and concentration data compiled from published works for NIST 612 reference material 
(Pearce et al. 1997). Results showed acceptable agreement, and precision of <3% in the glass 
(NIST 612) and <10% for most elements in the otolith material (MACS-3) (Appendix Table 
A3.1). 
 Limits of detection (LOD) were calculated for each element using the algorithms 
within IOLITE (Appendix Table A3.2). Concentrations of Sn were not consistently measured 
above the LOD. Sn was, therefore, excluded from further analyses. Some individual scans 
included regions that fell below the LOD. These data were, however, included in the analyses 
as they can be useful to detect spatial separation between sampled groups (Hicks et al. 2010, 
Fairclough et al. 2011), and include valuable information that otherwise may be unnecessarily 
rejected (Ben-Tzvi et al. 2007).  
 
4.2.5 Relating element profiles to fish age 
 A digital image of each otolith was taken under a microscope to visualize the ablated 
transect line and the annual growth bands. The width of each annual increment along the laser 
transect was measured between the outer edges of consecutive opaque zones so that each 
measurement included one year's growth. The distance measured was then converted into a 
time series using the known laser speed of 10 μm s-1 to relate the time-resolved element 
concentrations to a growth increment. For each year, an average was calculated for each 
element.  
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4.2.6 Statistical analysis 
For two of the sampled regions, the inner Tasman Bay and D'Urville Island, only one 
site each was sampled. Therefore, sample sites for the inner and outer Marlborough Sounds 
and the outer Tasman Bay were combined into regions, and all analyses were performed on 
regions. Statistical analyses were carried out using PERMANOVA+ version 1.0.2 as an 
addon for PRIMER v6 (PRIMER-E Ltd, Plymouth, UK) unless otherwise stated. Prior to the 
analysis data were log(x+1) transformed and normalized to account for inter-elemental 
differences in variance. Permutational analysis of variance (PERMANOVA) was performed 
using 9999 permutations and based on the Euclidean distance between samples. 
 
4.2.6.1 Spatial variation in the elemental signature of the otolith edge and core 
The edge of the otolith represents the newest material deposited onto the otolith, and, 
therefore, its trace element composition was representative of the sample location of blue 
cod. In contrast, the core of the otolith represents the oldest material deposited and, therefore, 
was representative of the region of hatching/early development of blue cod. To test the 
separate hypotheses that the elemental signature of the edge and the core of otoliths varied 
among regions, multivariate elemental signatures (Li, B, Mg, P, Mn, Fe, Cu, Zn, Sr, Ba, and 
Pb) were compared using PERMANOVA with the factor REGION (fixed, 5 levels). To test 
whether the dispersion of trace elemental signatures differed significantly among regions a 
distance-based test for homogeneity of multivariate dispersions (PERMDisp) was carried out 
with the fixed factor REGION (5 levels) using 9999 permutations and distance from centroid 
measures. Principal coordinate analysis (PCO) was used as an unconstrained ordination 
method to visualize multivariate elemental signatures in the edges and cores of otoliths 
among regions. PCO was based on the dissimilarities between sampled, and the percentage 
explained by each PCO axis indicated the ability of the ordination to capture high-
dimensional patterns in the data (Anderson & Willis 2003). Pearson correlation vectors were 
overlaid to assess the relative importance of each element in driving the spatial variability. 
Canonical analysis of principal coordinates (CAP), a constrained ordination method, was 
used to measure the reclassification-to-region success rate based on the otolith elemental 
signature. CAP measures the distinctiveness of groups in a multivariate space by placing an 
observation into canonical ordinations and calculating the misclassification error (Anderson 
& Willis 2003). Individual elements were compared between regions using pairwise 
PERMANOVA.  
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4.2.6.2 Variability in otolith elemental chemistry between the core and the time of capture 
To test the hypothesis that the variability in the otolith elemental signature between 
the edge and the core could indicate possible movement, multivariate analyses were carried 
out. The concentration of some elements varies through ontogeny. The first step, therefore, 
was to identify elements that were more reflective of the region than the position in the 
otolith (core or edge). PERMANOVA with the factors POSITION (fixed, 2 levels) and 
REGION (fixed, 5 levels) was used. The following analysis only included those elements that 
were reflective of the region. The next step was to identify the elemental signature of each 
region. Discriminant function analysis (DFA) was used to classify blue cod to a region 
through time. For each year between 2014 and 2018, blue cod that were misclassified to a 
region that was not the sample region were identified. Only individuals that were classified to 
the same sampling region through time were included in the following analyses. DFA and 
PERMANOVA (POSITION [core/edge], fixed, 2 levels) were then used to compare the 
elemental signature between the edge and the core of otoliths from different regions, based on 
all elements measured. DFA was performed using JMP Pro 11 (SAS Institute Inc.). 
 
4.2.6.3 Temporal variability in the otolith elemental signatures 
Multivariate analyses were used to test the hypothesis that through temporal 
variability in the otolith elemental signatures, annual migration patterns among regions could 
be resolved. It is important to note that it was assumed that the elemental signature of a 
region had not changed. To test this assumption, permutational analysis of variance was used 
to identify elements that were unstable through time. PERMANOVA models were used to 
analyse the effects of REGION (fixed, 5 levels) and YEAR (fixed, 5 levels) on individual 
elements. Elements that varied through time were excluded from further analyses. In the next 
step, PERMANOVA and DFA were used to test whether the elemental signature of otoliths 
varied among YEARS (fixed, 5 levels) in each region. Lastly, based on the otolith elemental 
signature, blue cod were classified to a region in each year using PERMANOVA (factor 
REGION, fixed, 5 levels) and DFA. The proportion and number of correctly classified and 









4.3.1 Spatial variability in otolith elemental chemistry at the time of capture 
In otolith material accreted in 2018, the multivariate elemental signatures of blue cod 
otoliths were significantly different in individuals collected among the five zones (pseudo-
F4,106 = 8.842, p = 0.0001). There were significant differences in the multivariate elemental 
signatures of blue cod otoliths among all five zones (Table 4.1). When the PCO included all 
elements that were resolved by LA ICP-MS, the first two PCO axes explained 52% of the 
total variation in the elemental signature (Fig. 4.2). When only the five most influential 
elements, determined by the PCO (B, Mg, Zn, Cu, and Pb), were included in the PCO, 88.5% 
of the total variation in the elemental signatures was explained by the first two PCO axes 
(Fig. 4.3). PERMANOVA demonstrated significant differences in the elemental signatures 
among regions based on B, Mg, Zn, Cu, and Pb (pseudo-F4,106 = 18.095, p = 0.0001). 
Pairwise comparisons indicated that, based on B, Mg, Zn, Cu, and Pb, there were no 
significant differences in the elemental signatures between the inner and outer Marlborough 
Sounds, and between D'Urville Island and the outer Tasman Bay (Table 4.2). No differences 
in the multivariate dispersion in elemental signatures in blue cod otoliths among the five 
regions were found (PERMDisp: F4,106= 1.479, p = 0.299). Pairwise tests showed no 
significant differences in the dispersion of multivariate trace element signatures between 
individual regions. 
While the PCO was used to assess the relative importance of each element in driving 
the spatial variability in trace element signatures, CAP was used to discriminate between 
groups based on reclassification success. When all elements were included CAP successfully 
reclassified 66.6% of samples to D'Urville Island, 71.43% to the inner Marlborough Sounds, 
83.3% to the outer Marlborough Sounds, 80% to the inner Tasman Bay, and 65.22% to the 
outer Tasman Bay (Fig. 4.4). When only the five most influential elements were included, 
CAP successfully reclassified 50% of samples to D'Urville Island, 42.86% to the inner 
Marlborough Sounds, 58.33% to the outer Marlborough Sounds, 70% to the inner Tasman 
Bay, and 47.83% to the outer Tasman Bay (Fig. 4.4). Concentrations of individual elements 
varied significantly among regions, except for Mn (Table 4.3). B was significantly higher in 
the inner and outer Tasman Bay and D'Urville Island than in both Marlborough Sounds 
regions (Fig. 4.5). P and Mg were highest in outer Tasman Bay and D'Urville Island (Fig. 
4.5). Zn and Pb followed similar trends and were lowest in the inner and outer Marlborough 
Sounds and highest in the outer Tasman Bay and D'Urville Island (Fig. 4.5). 
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Table 4.1. Permutational multivariate analysis of variance (PERMANOVA) tests comparing 
elemental signatures of the otolith edge between paired regions. Test statistic pseudo-t, 
significance level p calculated under permutation, the number of unique values obtained from 
9999 permutations, and degrees of freedom (df; factor, error) are given. Significant results (p 
< 0.05) are in bold. 
Test t p-value Unique 
perms. 
df 
D’Urville vs inner Marlborough Sounds 3.768 0.0001 9930 1, 42 
D’Urville vs inner Tasman Bay 2.577 0.0001 9936 1, 48 
D’Urville vs outer Marlborough Sounds 3.996 0.0001 9940 1, 52 
D’Urville vs outer Tasman Bay 1.932 0.0032 9943 1, 51 
Inner Marlborough Sounds vs inner Tasman Bay 2.918 0.0001 9942 1, 32 
Inner Marlborough Sounds vs outer Marlborough 
Sounds 
1.689 0.0016 9941 1, 36 
Inner Marlborough Sounds vs outer Tasman Bay 3.008 0.0001 9946 1, 35 
Inner Tasman Bay vs outer Marlborough Sounds 3.005 0.0001 9926 1, 42 
Inner Tasman Bay vs outer Tasman Bay 2.462 0.0002 9922 1, 41 





Figure 4.2. Principal coordinate analysis (PCO) of the Euclidean distance between 
normalized multivariate trace element signatures in blue cod otolith edges from the inner 
(grey downward-pointing triangles) and outer (blue upward-pointing triangles) Marlborough 
Sounds, inner (yellow squares) and outer (orange diamonds) Tasman Bay, and D'Urville 
Island (green circles). Pearson correlation vectors were overlaid, note that some elements 
overlap. 
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Table 4.2. Permutational multivariate analysis of variance (PERMANOVA) tests comparing 
elemental signatures of the otolith edge between regions based on the five most influential 
elements (B, Mg, Zn, Cu, and Pb). Test statistic pseudo-t, significance level p calculated 
under permutation, the number of unique values obtained from 9999 permutations, and 
degrees of freedom (df; factor, error) are given. Significant results (p < 0.05) are in bold. 
Test t p-value Unique 
perms. 
df 
D’Urville vs inner Marlborough Sounds 5.623 0.0001 9946 1, 42 
D’Urville vs inner Tasman Bay 3.803 0.0002 9939 1, 48 
D’Urville vs outer Marlborough Sounds 6.325 0.0001 9939 1, 52 
D’Urville vs outer Tasman Bay 1.336 0.1611 9936 1, 51 
Inner Marlborough Sounds vs inner Tasman Bay 4.125 0.0001 9944 1, 32 
Inner Marlborough Sounds vs outer Marlborough 
Sounds 
1.477 0.1151 9950 1, 36 
Inner Marlborough Sounds vs outer Tasman Bay 4.313 0.0001 9939 1, 35 
Inner Tasman Bay vs outer Marlborough Sounds 5.069 0.0001 9946 1, 42 
Inner Tasman Bay vs outer Tasman Bay 2.411 0.0099 9949 1, 41 




Figure 4.3. Principal coordinate analysis (PCO) of the Euclidean distance between 
normalized multivariate of the five most influential trace element signatures (B, Mg, Zn, Cu, 
Pb) in blue cod otolith edges from the inner (grey downward-pointing triangles) and outer 
(blue upward-pointing triangles) Marlborough Sounds, inner (yellow squares) and outer 
(orange diamonds) Tasman Bay, and D'Urville Island (green circles). Pearson correlation 
vectors were overlaid. 




Figure 4.4. Canonical analysis of principal coordinates (CAP) (m = 11) based on the 
Euclidean distance between normalized multivariate trace element signatures of (A) all 
elements and (B) the 5 most influential elements in the edge in blue cod otoliths from the 
inner (grey downward-pointing triangles) and outer (blue upward-pointing triangles) 
Marlborough Sounds, inner (yellow squares) and outer (orange diamonds) Tasman Bay, and 





Table 4.3. Permutational multivariate analysis of variance (PERMANOVA) tests comparing 
individual elemental concentrations of the otolith edge among regions. Test statistic pseudo-
F, significance level p calculated under permutation, the number of unique values obtained 
from 9999 permutations and degrees of freedom (df; factor, error; 4, 106) are given. 
Significant results (p < 0.05) are in bold. 
Element Pseudo-F p-value Unique perms. 
Li 5.529 0.0002 9963 
B 50.572 0.0001 9963 
Mg 14.502 0.0001 9940 
P 2.278 0.0495 9945 
Mn 1.969 0.1020 9960 
Fe 5.089 0.0007 9953 
Cu 5.579 0.0003 9959 
Zn 27.511 0.0001 9956 
Sr 2.769 0.0318 9947 
Ba 7.105 0.0003 9955 
Pb 11.486 0.0001 9964 
 
 




Figure 4.5. Average (± S.E.) of (A) Li, (B) B, (C) Mg, (D) P, (E) Mn, (F) Fe, (G) Cu, (H) Zn, 
(I) Sr, (J) Ba, and (K) Pb concentrations of blue cod otolith edges for each region in the 
Marlborough Sounds and Tasman Bay: Inner Marlborough Sounds (grey), outer Marlborough 
Sounds (blue), inner Tasman Bay (yellow), outer Tasman Bay (orange), D’Urville Island 
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4.3.2 Spatial variability in otolith elemental chemistry of the otolith core 
 The multivariate signatures of trace elements within the core of blue cod otoliths 
varied significantly among the five regions (pseudo- F4,112 = 7.851, p = 0.0001). Pairwise 
comparisons between regions indicated that only the elemental signatures of the otolith cores 
of blue cod from the outer Tasman Bay and D'Urville Island were not different from each 
other (Table 4.4). The first two axes of the PCO explained 50.4% of the variation in the 
elemental signatures when all elements were included (Fig. 4.6). B, Mg, Cu, Zn, and Pb were 
determined as the five most influential elements by the PCO. When only these five elements 
were included in the PCO, 86.9% of the variation in the elemental signatures was explained 
by the first two axes (Fig. 4.7). PERMANOVA testing for differences in the elemental 
signatures of otolith cores between regions based on B, Mg, Cu, Zn, and Pb indicated that 
there were no significant differences between D'Urville Island and the outer Tasman Bay, and 
between the inner and outer Marlborough Sounds (Table 4.5). No differences in the 
multivariate dispersion in the elemental signatures of the core of the otolith among regions 
were found (PERMDisp: F4,112 = 0.880 p = 0.555). When all elements were included CAP 
successfully reclassified 56.7% of samples to D'Urville Island, 64.3% to the inner 
Marlborough Sounds, 80% to the outer Marlborough Sounds, 60% to the inner Tasman Bay, 
and 34.8% to the outer Tasman Bay (Fig. 4.8). When only the five most influential elements 
were included CAP successfully reclassified 40% of samples to D'Urville Island, 35.7% to 
the inner Marlborough Sounds, 70% to the outer Marlborough Sounds, 75% to the inner 
Tasman Bay, and 43.5% to the outer Tasman Bay (Fig. 4.8). Individual elemental 
concentrations varied significantly among regions (Table 4.6), however, there were no 
statistical differences in the concentrations of Li, P, and Ba in the cores of the otoliths among 
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Table 4.4. Permutational multivariate analysis of variance (PERMANOVA) tests comparing 
the elemental signature of the otolith core between regions. Test statistic pseudo-t, 
significance level p calculated under permutation, the number of unique values obtained from 
9999 permutations, and degrees of freedom (df; factor, error) are given. Significant results (p 
< 0.05) are in bold. 
Test t p-value Unique 
perms. 
df 
D’Urville vs inner Marlborough Sounds 3.603 0.0001 9948 1, 42 
D’Urville vs inner Tasman Bay 2.324 0.0003 9939 1, 48 
D'Urville vs outer Marlborough Sounds 4.069 0.0001 9942 1, 58 
D’Urville vs outer Tasman Bay 0.977 0.4457 9923 1, 51 
Inner Marlborough Sounds vs inner Tasman Bay 2.279 0.0001 9941 1, 32 
Inner Marlborough Sounds vs outer Marlborough 
Sounds 
1.703 0.0152 9945 1, 42 
Inner Marlborough Sounds vs outer Tasman Bay 2.995 0.0001 9939 1, 35 
Inner Tasman Bay vs outer Marlborough Sounds 2.657 0.0001 9938 1, 48 
Inner Tasman Bay vs outer Tasman Bay 2.193 0.0006 9940 1, 41 





Figure 4.6. Principal coordinate analysis (PCO) of the Euclidean distance between 
normalized multivariate trace element signatures of blue cod otolith cores from the inner 
(grey downward-pointing triangles) and outer (blue upward-pointing triangles) Marlborough 
Sounds, inner (yellow squares) and outer (orange diamonds) Tasman Bay, and D'Urville 
Island (green circles). Pearson correlation vectors were overlaid, note that some elements 
overlap. 
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Table 4.5. Permutational multivariate analysis of variance (PERMANOVA) tests comparing 
the elemental signature of the otolith core between regions based on the five most influential 
elements (B, Mg, Cu, Zn, Pb). Test statistic pseudo-t, significance level p calculated under 
permutation, the number of unique values obtained from 9999 permutations, and degrees of 
freedom (df; factor, error) are given. Significant results (p < 0.05) are in bold. 
Test t p-value Unique 
perms. 
df 
D’Urville vs inner Marlborough Sounds 5.584 0.0001 9930 1, 42 
D’Urville vs inner Tasman Bay 3.687 0.0001 9941 1, 48 
D’Urville vs outer Marlborough Sounds 6.358 0.0001 9943 1, 58 
D’Urville vs outer Tasman Bay 0.909 0.4137 9941 1, 51 
Inner Marlborough Sounds vs inner Tasman Bay 3.335 0.0001 9953 1, 32 
Inner Marlborough Sounds vs outer Marlborough 
Sounds 
1.353 0.1588 9945 1, 42 
Inner Marlborough Sounds vs outer Tasman Bay 4.689 0.0001 9947 1, 35 
Inner Tasman Bay vs outer Marlborough Sounds 4.150 0.0001 9947 1, 48 
Inner Tasman Bay vs outer Tasman Bay 3.015 0.0011 9952 1, 41 





Figure 4.7. Principal coordinate analysis (PCO) of the Euclidean distance between 
normalized multivariate of the five most influential trace element signatures (B, Mg, Zn, Cu, 
Pb) of the core in blue cod otoliths from the inner (grey downward-pointing triangles) and 
outer (blue upward-pointing triangles) Marlborough Sounds, inner (yellow squares) and outer 
(orange diamonds) Tasman Bay, and D'Urville Island (green circles). Pearson correlation 









Figure 4.8. Canonical analysis of principal coordinates (CAP) (m = 11) based on the 
Euclidean distance between normalized multivariate trace element signatures of (A) all 
elements and (B) the 5 most influential elements in the core in blue cod otoliths from the 
inner (grey downward-pointing triangles) and outer (blue upward-pointing triangles) 
Marlborough Sounds, inner (yellow squares) and outer (orange diamonds) Tasman Bay, and 




Table 4.6. Permutational multivariate analysis of variance (PERMANOVA) tests comparing 
individual elemental concentrations in the core of the otolith among regions. Test statistic 
pseudo-F, significance level p calculated under permutation, the number of unique values 
obtained from 9999 permutations, and degrees of freedom (df; 4, 112; factor, error) are given. 
Significant results (p < 0.05) are in bold. 
Element Pseudo-F p-value Unique 
perms. 
Li 2.399 0.0490 9957 
B 74.220 0.0001 9954 
Mg 8.315 0.0001 9942 
P 1.417 0.2276 9942 
Mn 3.617 0.0090 9942 
Fe 2.338 0.0456 9964 
Cu 4.861 0.001 9946 
Zn 29.764 0.0001 9943 
Sr 2.752 0.0304 9948 
Ba 0.594 0.6757 9960 
Pb 16.058 0.0001 9954 




Figure 4.9. Average (± S.E.) of (A) Li, (B) B, (C) Mg, (D) P, (E) Mn, (F) Fe, (G) Cu, (H) Zn, 
(I) Sr, (J) Ba, and (K) Pb concentrations of blue cod otolith at the core for each region: Inner 
Marlborough Sounds (grey), outer Marlborough Sounds (blue), inner Tasman Bay (yellow), 
outer Tasman Bay (orange), and D’Urville Island (green). Bars not connected by the same 
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4.3.3 Variability in otolith elemental chemistry between the core and the time of capture 
Based on the pseudo-F statistic of PERMANOVA, elements that were more variable 
among regions than between the two positions in the otolith (edge or core) were identified 
(Table 4.7). These elements (B, Fe, Ba) were then used for further analyses to compare the 
elemental signatures between the edge and the core of otoliths in each region.  
The elemental signatures of the cores of individual blue cod otoliths that were 
correctly classified to the sampling region through time were assumed to be the elemental 
signatures of otolith material formed in that geographical region (Fig. 4.10). Only one five-
year-old blue cod sampled from the D'Urville Island region was identified as a long-term 
resident to D'Urville Island. In the inner Marlborough Sounds six (4 to 8 years old) blue cod 
were identified as long-term residents, and 21 blue cod (1 to 11 years old) were classified as 
long-term residents to the outer Marlborough Sounds. In the inner and outer Tasman Bay, 
three blue cod were identified as long-term residents in each region, ranging from 5 to 6 years 
in the inner and from 2 to 3 years in the outer Tasman Bay. PERMANOVA demonstrated 
significant differences in the elemental signatures of the otolith cores among regions 
(PERMANOVA: pseudo-F4,29 = 10.313, p = 0.0001). Pairwise comparisons detected no 
significant differences in the elemental signatures of otolith cores between D'Urville Island 
and inner Marlborough Sounds, inner Tasman Bay, and outer Tasman Bay (Table 4.8).  
The DFA, based on B, Fe, and Ba, demonstrated some variation in the elemental 
signatures between the cores and the edges of otoliths. For the D'Urville Island region, no 
otolith core was misclassified as otolith edge, and 39% of the otolith edges were misclassified 
as otolith cores (Fig. 4.11). In the inner Marlborough Sounds region, 33% of the otolith cores 
were misclassified as otolith edge, and 21% of the otolith edges were misclassified as otolith 
cores (Fig. 4.11). In the outer Marlborough Sounds region, 24% of otolith cores were 
misclassified as otolith edges, and 42% of the otolith edges were misclassified as cores (Fig. 
4.11). In the inner Tasman Bay, 33% of otolith cores were misclassified as otolith edges 
based on the elemental signature, but 35% of otolith edges were misclassified as otolith cores 
(Fig. 4.11). In the outer Tasman Bay region, 13% of the otolith edges were misclassified as 
otolith cores based on their elemental signature (Fig. 4.11). PERMANOVA indicated that 
there were no differences between the elemental signatures of the otolith cores and edges 
from fish collected in the same region (Table 4.9).  
DFA and PERMANOVA were then used to analyse similarities between the 
elemental signatures of the cores of otoliths collected from each region and the elemental 
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signatures of the otolith edges from fish collected in all regions. The elemental signatures of 
the cores of otoliths sampled from the D'Urville Island region were not different from the 
elemental signature of otolith edges from the other four regions, however, the sample size for 
the D'Urville Island collection was restricted to one individual (Table 4.10, Fig. 4.12). The 
elemental signatures of the otolith cores of blue cod from the inner Tasman Bay were not 
different from the elemental signatures of the edges of otoliths sampled from blue cod from 
the D'Urville Island region and the outer Tasman Bay region (Table 4.10, Fig. 4.12). DFA 
and PERMANOVA showed clear separations between the two regions in the Marlborough 
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Table 4.7. Permutational multivariate analysis of variance (PERMANOVA) tests comparing 
individual elements of the otolith between regions and position (otolith core/edge). Test 
statistic pseudo-F, significance level p calculated under permutation, number of unique 
values obtained from 9999 permutations, and degrees of freedom (df; factor, error) are given. 





































































































































Figure 4.10. Discriminant function analysis (DFA) of the multivariate elemental signature of 
the otolith cores of blue cod among regions; D'Urville Island (green), inner Marlborough 
Sounds (grey), outer Marlborough Sounds (blue), inner Tasman Bay (yellow), outer Tasman 




Table 4.8. Permutational multivariate analysis of variance (PERMANOVA) tests comparing 
the elemental signatures of the otolith core between regions, based on elements tied to the 
region (B, Fe, Ba; see Table 4.7). Test statistic pseudo-t, significance level p calculated under 
permutation, number of unique values obtained from 9999 permutations, and degrees of 
freedom (df; factor, error) are given. Significant results (p < 0.05) are in bold. 
Test t p-value Unique 
perms. 
df 
D'Urville Island vs inner Marlborough Sounds 1.546 0.1440 7 1, 5 
D'Urville Island vs inner Tasman Bay 1.026 0.7458 4 1, 5 
D'Urville Island vs outer Marlborough Sounds 2.371 0.0473 22 1, 20 
D'Urville Island vs outer Tasman Bay 3.162 0.2402 4 1, 2 
Inner Marlborough Sounds vs outer Tasman Bay 2.272 0.0128 84 1, 7 
Inner Tasman Bay vs inner Marlborough Sounds 3043 0.0100 84 1, 7 
Inner Tasman Bay vs outer Marlborough Sounds 3.568 0.0009 2004 1, 22 
Inner Tasman Bay vs outer Tasman Bay 3.769 0.1002 10 1, 4 
Outer Marlborough Sounds vs inner Marlborough 
Sounds 
3.273 0.0005 9782 1, 25 
Outer Marlborough Sounds vs outer Tasman Bay 4.691 0.0007 2006 1, 22 
 
 




Figure 4.11. Discriminant function analysis (DFA) of the multivariate elemental signature 
based on elements tied to the region (B, Fe, Ba) of the otolith edge (blue circles) and core 
(red circles) in (A) D'Urville Island, (B) inner Marlborough Sounds, (C) outer Marlborough 
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Table 4.9. Permutational multivariate analysis of variance (PERMANOVA) tests comparing 
the elemental signatures of the otolith between the edge and the core of otoliths from the 
same region based on elements tied to the region (B, Fe, Ba). Test statistic pseudo-F, 
significance level p calculated under permutation, the number of unique values obtained from 
9999 permutations, and degrees of freedom (df; factor, error) are given. Significant results (p 
< 0.05) are in bold. 
Region Pseudo-F p-value Unique 
perms 
df 
D’Urville Island 0.137 0.9390 32 1, 30 
Inner Marlborough Sounds 1.771 0.1673 8778 1, 18 
Outer Marlborough Sounds 0.854 0.4277 9940 1, 52 
Inner Tasman Bay 0.107 0.1071 1761 1, 21 
Outer Tasman Bay 2.905 0.0715 2538 1, 24 
 
 




Figure 4.12. Discriminant function analysis (DFA) of the multivariate elemental signature 
based on elements tied to region (B, Fe, Ba) of the otolith core of (A) D'Urville Island (light 
green), (B) inner Marlborough Sounds (light grey), (C) outer Marlborough Sounds (light 
blue), (D) inner Tasman Bay (light yellow), (E) outer Tasman Bay (light orange) compared to 
the otolith core of D'Urville Island (green circles), inner Marlborough Sounds (grey 
downward pointed triangles), outer Marlborough Sounds (blue upward pointed triangles), 
inner Tasman Bay (yellow squares), outer Tasman Bay (orange diamonds).  
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Table 4.10. Permutational multivariate analysis of variance (PERMANOVA) tests 
comparing the elemental signatures of the otolith between the edge and the core of otoliths of 
each region based on elements tied to region (B, Fe, Ba). Test statistic pseudo-F, significance 
level p calculated under permutation, the number of unique values obtained from 9999 
permutations and degrees of freedom (df; factor, error) are given. Significant results (p < 
0.05) are in bold. 
Core region Edge region Pseudo-F p-value Unique 
perms 
df 
D'Urville Island D'Urville Island 0.370 0.9374 32 1, 30 
 Inner Marlborough S.  1.373 0.2045 15 1, 13 
 Inner Tasman Bay 0.767 0.378 21 1, 19 
 Outer Marlborough S. 1.898 0.0902 34 1, 32 
 Outer Tasman Bay 0.344 1 24 1, 22 
Inner Marlborough S. D’Urville Island 2.947 0.0002 9926 1, 35 
 Inner Marlborough S.  1.331 0.1765 8713 1, 18 
 Inner Tasman Bay 3.604 0.0001 9735 1, 24 
 Outer Marlborough S. 3.661 0.0001 9931 1, 37 
 Outer Tasman Bay 2.628 0.0015 9843 1, 27 
Inner Tasman Bay D'Urville Island 1.690 0.0512 4816 1, 32 
 Inner Marlborough S.  2.779 0.0011 680 1, 15 
 Inner Tasman Bay 1.581 0.1034 1760 1, 21 
 Outer Marlborough S. 2.882  0.0016 5393 1, 34 
 Outer Tasman Bay 1.198 0.2496 2537 1, 24 
Outer Marlborough S. D’Urville Island 5.610 0.0001 9946 1, 50 
 Inner Marlborough S.  3.151 0.0002 9942 1, 33 
 Inner Tasman Bay 5.195 0.0001 9947 1, 39 
 Outer Marlborough S. 0.924 0.4099 9943 1, 52 
 Outer Tasman Bay 4.411 0.0001 9951 1, 42 
Outer Tasman Bay D'Urville Island 1.927 0.0215 4854 1, 32 
 Inner Marlborough S.  2.668 0.0018 680 1, 15 
 Inner Tasman Bay 2.740 0.0055 1762 1, 21 
 Outer Marlborough S. 4.319 0.0003 5390 1, 34 
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4.3.4 Temporal variability in the otolith elemental signatures 
 PERMANOVA models were used to analyse the effects of REGION and YEAR on 
individual elemental concentrations (Table 4.11). The effect of REGION was strongest on B, 
Mg, P, Fe, Cu, Zn, Ba, and Pb (Table 4.11), based on the pseudo-F statistic. Using these eight 
elements, DFA was used to determine the variability of the elemental signature among years 
in each region. Overlapping canonical ellipses indicated that there was little variance in the 
elemental signatures among years in D'Urville Island, inner and outer Marlborough Sounds, 
and inner Tasman Bay (Fig. 4.13). The observed pattern was supported by PERMANOVA 
results that did not show significant differences in the otolith elemental signatures based on 
B, Mg, P, Fe, Cu, Zn, Ba, and Pb among years for these four regions (PERMANOVA: 
D’Urville Island: pseudo-F4,142 = 1.033, p = 0.396; inner Marlborough Sounds: pseudo-F4,61 = 
0.978, p = 0.461; outer Marlborough Sounds: pseudo-F4,119 = 0.885, p = 0.558; inner Tasman 
Bay: pseudo-F4,88 = 1.441, p = 0.132) (Table 4.12). DFA indicated that the elemental 
signatures of the otolith growth increment from 2014 varied from that of 2015, 2017, and 
2018 in outer Tasman Bay, which was supported by PERMANOVA results (PERMANOVA: 
outer Tasman Bay: pseudo-F4,77 = 1.841, p = 0.044) (Table 4.12). 
 To test whether blue cod movements through time could be resolved based on their 
otolith elemental signatures, DFA and PERMANOVA were used to identify differences in 
the otolith elemental fingerprint in each year based on B, Mg, P, Fe, Cu, Zn, Ba, and Pb. The 
DFA demonstrated a clear separation between the two Marlborough Sound regions and the 
D'Urville Island and Tasman Bay regions in each year (Fig. 4.14). There was some overlap in 
the elemental signatures among otoliths collected from the D'Urville Island and the inner and 
outer Tasman Bay zones (Fig. 4.14). PERMANOVA demonstrated significant differences in 
the otolith elemental signatures among zones in each year from 2014 to 2018 
(PERMANOVA: 2014: pseudo-F4,66 = 6.446, p = 0.0001; 2015: pseudo-F4,87 = 9.111, p = 
0.0001; 2016: pseudo-F4,104 = 8.479, p = 0.0001; 2017: pseudo-F4,121 = 9.691, p = 0.0001; 
2018: pseudo-F4,109 = 12.292, p = 0.0001). Pairwise comparisons between the regions in each 
year demonstrated that there were no significant differences in the elemental signatures of 
otoliths collected from D'Urville Island and the outer Tasman Bay in any year between 2014 
and 2018 (Table 4.13).  
 Reclassification success was highest among blue cod sampled from the outer 
Marlborough Sounds and the inner Tasman Bay regions, ranging from 75 to 95% and from 
64 to 90%, respectively (Table 4.14). The average (± S.E.) reclassification success between 
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2014 and 2018 was 87 ± 4.2% for the outer Marlborough Sounds and 79 ± 4.4% for the inner 
Tasman Bay regions (Fig. 4.15). Blue cod sampled from the D'Urville Island region had the 
lowest reclassification success to their sampling region, ranging from 45 to 63% (Table. 
4.14). On average, most misclassified blue cod sampled from the D'Urville Island region 
were classified to the inner Tasman Bay region (20 ± 2.7%), based on their otolith elemental 
signatures (Fig. 4.15). On average, the majority of blue cod sampled from the outer Tasman 
Bay region were misclassified to the inner Tasman Bay region (14 ± 4.1%) (Fig. 4.15). Most 
misclassified blue cod sampled from the inner Marlborough Sounds were classified to the 
outer Marlborough Sounds region (14 ± 3.8%) (Fig. 4.15).  
The average proportion of individual blue cod among years that were misclassified to 
the outer Marlborough Sounds region was 15 ± 3.8%, based on all fish with the elemental 
signature of the outer Marlborough Sounds (Fig. 4.16). Most of those misclassified blue cod 
were sampled in the inner Marlborough Sounds. Based on all fish with the elemental 
signature of the inner Tasman Bay, 41 ± 1.7% were misclassified to this region (Fig 4.16). 
Most misclassified blue cod were sampled in the D'Urville Island region, and some were 
sampled from the outer Tasman Bay region. Similarly, 37 ± 8.3% of blue cod were 
misclassified to the inner Marlborough Sounds region (Fig. 4.16). Most of these individuals 
were sampled in the outer Marlborough Sounds and D'Urville Island. 33 ± 4.7% of blue cod 
with the elemental signature of the outer Tasman Bay region were sampled in a different 
region. Most of these fish were sampled in the D'Urville Island region. 22 ± 1.5% of blue cod 
with the elemental signature of the D'Urville Island region were sampled at a different 
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Table 4.11. Permutational analysis of variance (PERMANOVA) tests comparing the 
elemental concentrations between regions and years. F-ratio, p-value, degrees of freedom (df; 
factor, error) are given. Significant results are in bold (p < 0.05). Bold elements were used for 
further analysis. 












































































































































































Figure 4.13. Discriminant function analysis (DFA) the elemental signature (B, Mg, P, Fe, 
Cu, Zn, Ba, Pb) of blue cod otoliths per year (2014 [dark blue], 2015 [light blue], 2016 
[grey], 2017 [dark red], and 2018 [light red]) from (A) D'Urville Island, (B) inner 
Marlborough Sounds, (C) outer Marlborough Sounds, (D) inner Tasman Bay, and (E) outer 
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Table 4.12. Pairwise permutational multivariate analysis of variance (PERMANOVA) tests 
comparing elemental signatures of the otolith between years in each region based on elements 
(B, Mg, P, Fe, Cu, Zn, Ba, Pb) that are tied to region (see Table 4.11). Test statistic pseudo-t, 
significance level p calculated under permutation, number of unique values obtained from 
9999 permutations, and degrees of freedom (df; factor, error) are given. Significant results (p 
< 0.05) are in bold.  
Region Test t p-value Unique 
perms. 
df 
D’Urville Island 2014, 2015 0.900 0.5302 9946 1, 52 
 2014, 2016 1.173 0.2114 9945 1, 54 
 2014, 2017 1.382 0.1025 9950 1, 54 
 2014, 2018 1.285 0.1353 9949 1, 54 
 2015, 2016 0.451 0.9601 9941 1, 58 
 2015, 2017 0.642 0.7802 9943 1, 58 
 2015, 2018 0.988 0.3915 9940 1, 58 
 2016, 2017 0.413 0.9597 9954 1, 60 
 2016, 2018 1.168 0.2115 9941 1, 60 
 2017, 2018 1.113 0.2591 9940 1, 60 
Inner Marlborough Sounds 2014, 2015 0.653 0.7680 9912 1, 22 
 2014, 2016 1.086 0.3052 9936 1, 22 
 2014, 2017 1.416 0.1155 9926 1, 22 
 2014, 2018 1.573 0.0603 9920 1, 22 
 2015, 2016 0.623 0.8168 9936 1, 26 
 2015, 2017 0.984 0.4135 9953 1, 26 
 2015, 2018 1.200 0.2123 9952 1, 26 
 2016, 2017 0.408 0.9689 9951 1, 26 
 2016, 2018 0.691 0.7623 9937 1, 26 
 2017, 2018 0.355 0.9849 9953 1, 26 
Outer Marlborough Sounds 2014, 2015 0.391 0.9894 9950 1, 37 
 2014, 2016 0.616 0.8760 9938 1, 40 
 2014, 2017 0.904 0.4592 9931 1, 52 
 2014, 2018 0.949 0.4748 9937 1, 41 
 2015, 2016 0.547 0.9255 9947 1, 43 
 2015, 2017 1.064 0.3089 9941 1, 55 
 2015, 2018 0.714 0.7828 9942 1, 44 
 2016, 2017 0.884 0.4816 9945 1, 58 
 2016, 2018 0.941 0.4622 9941 1, 47 
 2017, 2018 1.403 0.1090 9931 1, 59 
Inner Tasman Bay 2014, 2015 1.297 0.1673 9963 1, 31 
 2014, 2016 1.678 0.0435 9948 1, 32 
 2014, 2017 1.741 0.0361 9942 1, 32 
 2014, 2018 1.249 0.1847 9954 1, 32 
 2015, 2016 0.619 0.8716 9947 1, 37 
 2015, 2017 0.823 0.6224 9934 1, 37 
 2015, 2018 0.873 0.5305 9948 1, 37 
 2016, 2017 0.407 0.9872 9959 1, 38 
 2016, 2018 1.036 0.3718 9941 1, 38 
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Table 4.12. continued. 
Region Test t p-value Unique 
perms. 
df 
Outer Tasman Bay 2014, 2015 1.848 0.0139 715 1, 11 
 2014, 2016 1.362 0.1363 6534 1, 22 
 2014, 2017 2.069 0.0134 7421 1, 28 
 2014, 2018 2.359 0.0047 7669 1, 25 
 2015, 2016 0.912 0.4876 9942 1, 27 
 2015, 2017 1.036 0.3355 9945 1, 33 
 2015, 2018 1.196 0.2122 9936 1, 30 
 2016, 2017 0.945 0.4079 9950 1, 44 
 2016, 2018 1.327 0.1300 9944 1, 41 











Figure 4.14. Discriminant function analysis (DFA) the elemental signature (B, Mg, P, Fe, 
Cu, Zn, Ba, Pb) of blue cod otoliths among regions (D'Urville Island [green], inner 
Marlborough Sounds [grey], outer Marlborough Sounds [blue], inner Tasman Bay [yellow], 




Chapter 4   Otolith trace elemental signatures 
145 
 
Table 4.13. Pairwise permutational multivariate analysis of variance (PERMANOVA) tests 
comparing the elemental signatures of the otolith (B, Mg, P, Fe, Cu, Zn, Ba, and Pb) between 
regions in each year from 2014 to 2018. Test statistic pseudo-t, significance level p calculated 
under permutation, the number of unique values obtained from 9999 permutations and 
degrees of freedom (df; factor, error) are given. Significant results (p < 0.05) are in bold. 





2014 D'Urville vs inner Marlborough Sounds 2.514 0.0002 9951 1, 33 
 D’Urville vs inner Tasman Bay 1.396 0.0816 9936 1, 37 
 D’Urville vs outer Marlborough Sounds 3.438 0.0001 9937 1, 41 
 D’Urville vs outer Tasman Bay 1.690 0.1032 8132 1, 27 
 Inner Marlborough Sounds vs inner Tasman Bay 1.914 0.0115 9930 1, 22 
 Inner Marlborough Sounds vs outer Marlborough 
Sounds 
1.605 0.0378 9932 1, 26 
 Inner Marlborough Sounds vs outer Tasman Bay 3.321 0.002 1001 1, 12 
 Inner Tasman Bay vs outer Marlborough Sounds 2.723 0.0001 9937 1, 30 
 Inner Tasman Bay vs outer Tasman Bay 2.456 0.0049 2922 1, 16 
 Outer Marlborough Sounds vs Outer Tasman Bay 4.733 0.0001 5448 1, 20 
2015 D'Urville vs inner Marlborough Sounds 3.172 0.0001 9941 1, 41 
 D’Urville vs inner Tasman Bay 2.695 0.0003 9957 1, 46 
 D'Urville vs outer Marlborough Sounds 4.037 0.0001 9949 1, 48 
 D’Urville vs outer Tasman Bay 1.381 0.111 9943 1, 36 
 Inner Marlborough Sounds vs inner Tasman Bay 2.838 0.0001 9959 1, 31 
 Inner Marlborough Sounds vs outer Marlborough 
Sounds 
1.467 0.0657 9948 1, 33 
 Inner Marlborough Sounds vs outer Tasman Bay 3.205 0.0001 9884 1, 21 
 Inner Tasman Bay vs outer Marlborough Sounds 3.458 0.0001 9933 1, 38 
 Inner Tasman Bay vs outer Tasman Bay 3.002 0.0001 9945 1, 26 
 Outer Marlborough Sounds vs Outer Tasman Bay 3.691 0.0001 9956 1, 28 
2016 D'Urville vs inner Marlborough Sounds 3.216 0.0002 9954 1, 43 
 D’Urville vs inner Tasman Bay 2.643 0.0003 9939 1, 49 
 D’Urville vs outer Marlborough Sounds 3.565 0.0001 9949 1, 53 
 D’Urville vs outer Tasman Bay 1.356 0.1259 9948 1, 49 
 Inner Marlborough Sounds vs inner Tasman Bay 2.915 0.0001 9947 1, 32 
 Inner Marlborough Sounds vs outer Marlborough 
Sounds 
1.692 0.0299 9942 1, 36 
 Inner Marlborough Sounds vs outer Tasman Bay 3.227 0.0001 9944 1, 32 
 Inner Tasman Bay vs outer Marlborough Sounds 3.358 0.0001 9947 1, 42 
 Inner Tasman Bay vs outer Tasman Bay 2.956 0.0001 9944 1, 38 
 Outer Marlborough Sounds vs Outer Tasman Bay 3.533 0.0001 9938 1, 42 
2017 D'Urville vs inner Marlborough Sounds 3.318 0.0001 9951 1, 42 
 D’Urville vs inner Tasman Bay 2.542 0.001 9942 1, 49 
 D’Urville vs outer Marlborough Sounds 3.603 0.0001 9939 1, 65 
 D’Urville vs outer Tasman Bay 1.434 0.1093 9946 1, 55 
 Inner Marlborough Sounds vs inner Tasman Bay 3.289 0.0001 9946 1, 31 
 Inner Marlborough Sounds vs outer Marlborough 
Sounds 
2.204 0.011 9931 1, 47 
 Inner Marlborough Sounds vs outer Tasman Bay 3.639 0.0001 9943 1, 37 
 Inner Tasman Bay vs outer Marlborough Sounds 3.430 0.0001 9942 1, 54 
 Inner Tasman Bay vs outer Tasman Bay 3.404 0.0001 9938 1, 44 
 Outer Marlborough Sounds vs Outer Tasman Bay 3.693 0.0001 9945 1, 60 
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Table 4.13. continued. 





2018 D'Urville vs inner Marlborough Sounds 4.207 0.0001 9947 1, 44 
D’Urville vs inner Tasman Bay 2.786 0.0002 9934 1, 49 
D'Urville vs outer Marlborough Sounds 4.810 0.0001 9947 1, 54 
D’Urville vs outer Tasman Bay 1.613 0.0534 9934 1, 52 
Inner Marlborough Sounds vs inner Tasman Bay 3.749 0.0001 9951 1, 33 
Inner Marlborough Sounds vs outer Marlborough 
Sounds 
2.057 0.0039 9948 1, 38 
Inner Marlborough Sounds vs outer Tasman Bay 3.776 0.0001 9946 1, 36 
Inner Tasman Bay vs outer Marlborough Sounds 3.969 0.0001 9941 1, 43 
Inner Tasman Bay vs outer Tasman Bay 2.692 0.0001 9949 1, 41 
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Table 4.14. Yearly proportion of blue cod classified to a region based on their otolith 
elemental signature (B, Mg, P, Fe, Cu, Zn, Ba, Pb) through discriminant function analysis 
(DFA). Rows represent the actual sampling region; columns represent the predicted region 
based on the otolith elemental signature. The sample size (n) is given. Correctly classified 
samples are in bold. 
Year n Actual region Predicted region 















2014 24 D’Urville Island 63 4 13 17 4 
 10 Inner Marlb. Sounds 0 70 20 10 0 
 18 Outer Marlb. Sounds 0 0 94 6 0 
 14 Inner Tas. Bay 21 0 7 64 7 
 4 Outer Tas. Bay 25 0 0 0 75 
2015 29 D’Urville Island 55 10 3 17 14 
 14 Inner Marlb. Sounds 0 64 21 7 7 
 21 Outer Marlb. Sounds 0 0 95 5 0 
 19 Inner Tas. Bay 21 0 0 79 0 
 9 Outer Tas. Bay 0 0 11 22 67 
2016 31 D’Urville Island 45 19 3 23 10 
 14 Inner Marlb. Sounds 0 64 14 21 0 
 24 Outer Marlb. Sounds 0 21 75 0 4 
 20 Inner Tas. Bay 20 0 0 75 5 
 19 Outer Tas. Bay 5 5 0 16 74 
2017 31 D’Urville Island 48 10 3 29 10 
 14 Inner Marlb. Sounds 0 93 0 0 7 
 36 Outer Marlb. Sounds 0 6 92 3 0 
 20 Inner Tas. Bay 10 0 0 90 0 
 26 Outer Tas. Bay 12 12 0 12 65 
2018 30 D’Urville Island 60 13 0 13 13 
 14 Inner Marlb. Sounds 0 79 14 7 0 
 24 Outer Marlb. Sounds 0 21 79 0 0 
 20 Inner Tas. Bay 0 0 5 85 10 
 23 Outer Tas. Bay 17 13 0 22 48 




Figure 4.15. Average yearly proportion of blue cod classified to a region based on the otolith 
elemental concentration, based on discriminant function analysis (DFA) conducted on otolith 
elemental signatures based on eight elements (B, Mg, P, Fe, Cu, Zn, Ba, and Pb) from five 
different regions: D'Urville Island (green), inner (grey) and outer (blue) Marlborough Sounds, 
and inner (yellow) and outer (orange) Tasman Bay. Pie charts show the proportion of 
reclassification to a region. The diagonal pattern indicates the correct classification. D'U. 
Is. = D'Urville Island, IMS = Inner Marlborough Sounds, OMS = Outer Marlborough 








Figure 4.16. Average yearly proportion of misclassified blue cod based on all fish with the 
elemental signature of otolith of the predicted region by discriminant function analysis (DFA) 
conducted on otolith elemental signatures based on eight elements (B, Mg, P, Fe, Cu, Zn, Ba, 
and Pb) from five different regions: D'Urville Island (green), inner (grey) and outer (blue) 
Marlborough Sounds, and inner (yellow) and outer (orange) Tasman Bay. For example, 11% 
of blue cod that were misclassified to the inner Marlborough Sounds (grey) were sampled 





















 Understanding the spatial structure of movement patterns and mixing among 
subpopulations of commercially important species, such as blue cod, is crucial for defining 
appropriate management strategies, particularly when populations show signs of 
overexploitation (see Chapter 2). The results of the present study indicated that the fine-scale 
trace element signatures of otoliths varied among subpopulations of blue cod from the 
Marlborough Sounds and Tasman Bay, providing the first estimates of population movements 
and connectivity of blue cod in the Marlborough Sounds and Tasman Bay based on otolith 
trace element signatures. Combining age-related information and elemental signatures of the 
edge, core, and individual growth bands of otoliths, allowed for the collection of information 
on the spatial structure and movement patterns of blue cod across the Marlborough Sounds 
and Tasman Bay. The results provided the basis for identifying population sources and sinks 
across the region as well as critical fish habitats, both of which provide vital information to 
improve fisheries management. 
 The trace element signatures of the edge of otoliths were accumulated during the year 
prior to collecting the fish (Arkhipkin et al. 2009, Schuchert et al. 2010). Similarities in the 
elemental signatures of the otolith edges of blue cod sampled from different regions could, 
therefore, indicate recent movement between regions. Comparisons of the elemental 
signatures of otolith edges of blue cod sampled from the five regions indicated that there 
could have been recent movement between the inner and outer Marlborough Sounds and the 
outer Tasman Bay and D'Urville Island. The reclassification-to-region success of individual 
blue cod to the outer Marlborough Sounds was 58% and 43% to the inner Marlborough 
Sounds, indicating that a larger proportion of blue cod could have moved from the outer to 
the inner Marlborough Sounds during the year prior to sampling. CAP resulted in few 
misclassifications between the Marlborough Sound regions and the Tasman Bay regions, 
indicating that the exchange of individual blue cod between these regions was limited. Within 
the Tasman Bay region, reclassification success was high in the inner Tasman Bay (70%), 
compared to the outer Tasman Bay (48%) and D'Urville Island (50%). High reclassification 
success to the inner Tasman Bay may have indicated that blue cod in this region had a higher 
site fidelity than blue cod in outer Tasman Bay and D'Urville Island, or that blue cod in the 
outer Tasman Bay and D'Urville Island experienced similar environmental parameters 
resulting in similar otolith elemental signatures. PERMANOVA did not find significant 
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differences in the elemental signature of the otolith edges between the D'Urville Island and 
the outer Tasman Bay, indicating that the latter was more likely. 
Similarly, there were no significant differences in the elemental signatures of otolith 
cores of blue cod sampled from D'Urville Island and the outer Tasman Bay. An explanation 
could be that the two subpopulations were well-mixed and supported by larvae that originated 
from the same subpopulation, resulting in similar elemental signatures of the otolith cores. 
Alternatively, even though the two regions were geographically different, the environmental 
parameters between these two regions could be similar, which would also result in similar 
trace elemental signatures of the otolith core of larvae produced in each region. The 
circulation in Tasman Bay was affected by the D'Urville Current that flows north-eastwards 
along the north-west coast of the South Island, then sweeps into Cook Strait, and feeds into 
Golden Bay and Tasman Bay (Heath 1976, Stevens et al. 2019). Circulation within Tasman 
Bay was strongly influenced by winds, with a strong outflow along the western side of 
D'Urville Island (Tuckey et al. 2006, Chiswell et al. 2019), which could explain the observed 
similarities in the trace elemental signatures of otolith cores and edges between these two 
regions in the present study. Interestingly, significant differences were observed in the 
elemental signatures between the inner Tasman Bay and the outer Tasman Bay and D'Urville 
Island regions, possibly due to the close proximity of the inner Tasman Bay sampling region 
to the mouth of French Pass; a small connection between the Marlborough Sounds and 
Tasman Bay, transporting water from the Marlborough Sounds into Tasman Bay in a tidally 
forced high flow channel and, thereby, also influencing circulation in Tasman Bay (Tuckey et 
al. 2006). 
 In contrast to the elemental signatures of the otolith edges, the elemental signatures of 
the otolith cores represent the earliest accumulated material during the larval and early 
juvenile stages of fishes (Ashford et al. 2008, Avigliano et al. 2017). Based on the trace 
elemental signatures of otoliths cores, the elements that were most influential in grouping 
individual blue cod were B, Mg, Zn, Cu, Pb. Three clusters were resolved based on the trace 
element signatures of the otolith core; (1) the inner and outer Marlborough Sounds, (2) the 
outer Tasman Bay and D'Urville Island, and (3) the inner Tasman Bay, as indicated by CAP 
and PERMANOVA results. The reclassification success rate, based on the elemental 
signatures of the otolith cores, was high in the outer Marlborough Sounds (70%), compared 
to the inner Marlborough Sounds (36%). Most blue cod sampled from the inner Marlborough 
Sounds were classified to the outer Marlborough Sounds, based on the elemental signatures 
of the otolith cores. These results indicated that adult blue cod from the inner Marlborough 
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Sounds may have been sourced from and spent their larval and early juvenile life stages in the 
outer Marlborough Sounds. Alternatively, larval, and juvenile blue cod from the two regions 
may have experienced similar environmental conditions.  
The elemental signature of the otolith core can be fundamentally different from that of 
the non-core zones of the otolith (Ruttenberg et al. 2005). Elevated levels of elements such as 
Mg, Mn, and Ba have been reported in otolith cores of different fish species (Brophy et al. 
2004, Ruttenberg et al. 2005). The retrospective determination of the natal region depends on 
the trace elemental signatures that are stable through time to allow for accurate classification 
(Rooker et al. 2003). Therefore, the next step in the present study was to identify elements 
that were more reflective of the region rather than the position in the otolith. Based on these 
elements (B, Fe, and Ba), discriminant function analysis was used to identify individual blue 
cod that reclassified correctly to their sampling region throughout their lifetime. These blue 
cod were assumed to be long-term residents, and the core elemental signatures of these 
individuals were representative of their sampling regions.  
There are some caveats to consider when interpreting the results from Section 4.3.3. 
The elemental signatures of the core and then edge of the otolith are generelly not directly 
compared. As mentioned above, the elemental signature of the core of the otolith is different 
from that of other parts of the otolith as a result of maternal transfer of elements, protein, and 
lipids to the offspring via the yolk and different uptake/incorporation mechanisms in very 
early life stages and particularly during metamorphosis from egg to larvae and during 
settlement (Brophy et al. 2004, Ruttenberg et al. 2005). Excluding elements that varied more 
among otolith position than between sampling region resulted in a very limited suit of 
elements (B, Fe, and Ba). Fe and B are not typically used to trace fish movement as they vary 
significantly with surrounding environmental conditions (Ikeda et al. 1996, Mavromatis et al. 
2015).  
Based on the elemental signatures of B, Fe, and Ba in the otolith cores of long-term 
residents, there were no significant differences among the elemental signatures of otoliths 
collected from the inner and outer Tasman Bay, and D'Urville Island sampling regions. The 
observed patterns could imply that adult blue cod sampled from these regions originated from 
a similar source or experienced similar environmental conditions during their early life 
stages. When the elemental signatures of the otolith cores were compared to those of the 
otolith edges, there were no differences in the elemental signatures between otolith cores 
collected from the inner Tasman Bay and the outer Tasman Bay and otolith edges collected 
from D'Urville Island. This result may indicate that there was recent movement of blue cod 
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from the inner Tasman Bay along the coast to the outer Tasman Bay and the D'Urville Island 
regions. It seemed more likely, however, that similarities in the environmental parameters 
caused similarities in the elemental signature of otoliths. Additionally, there was only one 
blue cod from the D'Urville Island region that identified as a long-term resident based on the 
trace elemental signature of B, Fe, and Ba. Therefore, these results must be interpreted with 
care. 
One out of 31 sampled blue cod from D'Urville Island was identified as a long-term 
resident based on the elemental signature of its core. Similarly, few long-term residential blue 
cod were identified in the inner Tasman Bay, three out of 20, and in the outer Tasman Bay, 
three out of 23. In contrast, 21 out of 30 sampled blue cod in the outer Marlborough Sounds, 
and six out of 14 sampled blue cod in the inner Marlborough Sounds were identified as long-
term residents based on the elemental signature of the otolith cores. The results could imply 
that larval retention in the inner and particularly in the outer Marlborough Sounds was high 
and that some larvae that originated in these regions also settled here. In the inner 
Marlborough Sounds, the habitat among sampling sites was dominated by biogenic reefs, 
including bryozoans, hydroids, and sponges (Davidson et al. 2011), which has been described 
as habitat used by juvenile and adult blue cod (Davidson et al. 2011). The habitat among the 
sampling sites within the outer Marlborough Sounds region in the present study was 
dominated by rocky reefs and their fringes (Davidson et al. 2011), the preferred habitat type 
of adult blue cod (Rapson 1965, Mutch 1983, Cole et al. 2012).  
In contrast, the small number of longer-term residents observed in the Tasman Bay 
and D'Urville Island regions likely indicated that adult movement, or larval dispersal, in 
Tasman Bay was high. The habitat in Tasman Bay and D'Urville Island was characterized by 
homogenous sand and mudflats, with little to no epifauna due to disturbances by bottom 
trawls and dredges (Newcombe et al. 2015, Newcombe 2016, Jones et al. 2018). 
Additionally, fishing pressure on the blue cod subpopulations within Tasman Bay has been 
high (Davey et al. 2008, Hartill et al. 2017), truncating the age and length structure towards 
smaller, younger individuals (see Chapter 2). Our results indicated that spatial structuring of 
blue cod within the Marlborough Sounds regions was high, and that blue cod from the outer 
Marlborough Sounds show high site fidelity. Tagging studies of blue cod in Southland, New 
Zealand have indicated that blue cod tagged at rocky reef fringes moved less than blue cod 
tagged on a biogenic reef or sand flats (Carbines & McKenzie 2001). The results of the 
present study indicated that this could be true for blue cod in the Marlborough Sounds and 
Tasman Bay. However, it was unclear whether the small number of long-term residents in 
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Tasman Bay and D'Urville Island was due to unsuitable habitat, increased fishing pressure on 
the populations, or generally more mixture of individuals associated with more open coastal 
conditions.  
To resolve the movement of blue cod through time, discriminant function analysis 
was used based on the fine-scale elemental signatures of yearly growth bands of otoliths. 
Because the temporal variability of trace element concentration can interfere with the correct 
classification to regions (Avigliano et al. 2018), the first step was to identify elements that 
were representative of the region. Based on these elements (B, Mg, P, Fe, Cu, Zn, Ba, and 
Pb), the annual averages of elemental signatures of otolith growth bands between 2014 and 
2018 were compared. There were no significant differences in the elemental signatures of 
otolith growth bands through time between blue cod sampled from the outer Tasman Bay and 
D'Urville Island regions, further evidence that these two regions were affected by similar 
water masses with similar environmental parameters, resulting in indistinguishable elemental 
signatures of otoliths of blue cod.  
Blue cod correctly classified to the sampling region were assumed to be residents, 
whereas blue cod that were misclassified to a different region were assumed to be migrants. 
The yearly proportion of resident and migrant blue cod was then calculated to resolve mixing 
and movement between subpopulations. The majority of misclassified blue cod that were 
sampled in the inner Marlborough Sounds classified to the outer Marlborough Sounds region 
(14-21% between 2014 and 2018), which indicated that each year a large proportion of blue 
cod migrated into the inner Marlborough Sounds. Throughout the years, the otolith elemental 
signatures between the inner and outer Marlborough Sounds were significantly different, 
suggesting that the environmental parameters determining the elemental concentrations in the 
water were different between the two regions and blue cod misclassified between the inner 
and outer Marlborough Sounds were most likely migrants from a different region. The results 
of the present study implied that the outer Marlborough Sound subpopulation acted as a 
source population, supporting the inner Marlborough Sound subpopulation with adult blue 
cod. Similar inward movement patterns, from the outer to the inner fjords, have been 
observed via tagging studies of blue cod in Fiordland, where a large proportion of blue cod 
tagged in the outer fjord habitat was recaptured in the inner fjords (Carbines & McKenzie 
2004). Misclassification of blue cod sampled from the outer Marlborough Sounds to the inner 
Marlborough Sounds was observed in 2016 and 2018, indicating that there may have been 
reciprocal mixing between the two populations during these years.  
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On average, every year, approximately half of the blue cod sampled from the 
D'Urville Island region were misclassified to the four other regions. Due to the similarities in 
the environmental parameters between the outer Tasman Bay and D'Urville Island, the 
misclassification between these two regions cannot confidently be interpreted as movement 
of blue cod. Each year between 2014 and 2018, however, the majority of misclassified blue 
cod sampled from D'Urville Island showed the otolith elemental signature of the inner 
Tasman Bay region, indicating that the two populations were connected via movement of 
blue cod from the inner Tasman Bay to the D'Urville Island region. Blue cod with the 
elemental signature from the inner Tasman Bay were also observed in the inner and outer 
Marlborough Sounds, indicating that the populations may be connected through movement 
from the inner Tasman Bay via D'Urville Island. Generally, blue cod are thought to be 
territorial and relatively sedentary, but long-distance travel between 42 and 156 km has been 
observed among individuals based on tagging studies in the Marlborough Sounds and 
Southland (Mace & Johnston 1983, Carbines & McKenzie 2001). 
The results of the present study provided evidence for the distinct spatial structuring 
of blue cod in the Marlborough Sounds and Tasman Bay. Consistent differences in the otolith 
core elemental signatures of blue cod from the two Marlborough Sound and the Tasman Bay 
regions implied that there could be discrete larval source pools supplying the two regions. 
The elemental signatures of the cores of otoliths of blue cod from the inner and outer 
Marlborough Sounds were not significantly different from each other, indicating that the two 
subpopulations likely shared a natal origin. When focussing on the elements that were more 
representative of the region than the position in the otolith (core or edge), there was evidence 
that some long-term residents likely originated from the inner Marlborough Sounds, 
indicating that there may have been some degree of self-replenishment within this population, 
in addition to receiving recruits from the outer Sounds. The reconstruction of fine-scale 
annual movement patterns indicated that a large proportion of blue cod likely migrated from 
the outer toward the inner Marlborough Sounds. These results implied that the two 
populations might display a source-sink dynamic, where the inner Marlborough Sound 
subpopulation relies on the outer Marlborough Sound subpopulation for the supply of larval 
and adult individuals. There may have been some individuals that moved from the inner 
towards the outer Marlborough Sounds, however, significant differences in the population 
structure and growth between the inner and outer Marlborough Sound regions indicated that 
intensive mixing between the two regions was unlikely (see Chapter 2). These results have 
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important implications for the placement of effective marine protected areas to conserve 
source populations.  
Resolving the population structure within Tasman Bay based on otolith elemental 
signatures was more challenging due to the similarities of the physico-chemical properties of 
the water masses between the outer Tasman Bay and D'Urville Island regions. The elemental 
signature of the otolith cores, based on elements that were influenced by the region and less 
by the position in the otolith, were similar among subpopulations from the inner and outer 
Tasman Bay and D'Urville Island regions. This indicated that either these subpopulations 
shared a larval source pool, or that larvae of both subpopulations were affected by similar 
environmental parameters at hatching, or both. Due to an observed sex ratio that was biased 
towards females, the modelled population fecundity was highest in the D'Urville Island 
subpopulation (see Chapter 2). One could speculate that the D'Urville Island subpopulation 
may have acted as a source for larvae that then drifted towards the inner and outer Tasman 
Bay subpopulations, and therefore the core elemental signature was similar among the three 
subpopulations. Drifter dispersal experiments have shown that this scenario could be possible 
if larval dispersal would follow depth circulation rather than surface circulation patterns 
(Chiswell et al. 2019). Based on the otolith elemental signature across time, there were no 
significant differences in the elemental signatures of blue cod from the outer Tasman Bay and 
D'Urville Island regions. However, based on the population structure and differences in 
growth between the two subpopulations, extensive adult mixing was unlikely (see Chapter 2). 
The two regions were affected by similar environmental parameters, which resulted in 
indistinguishable otolith elemental signatures. The elemental signatures of blue cod from the 
inner Tasman Bay were significantly different, likely due to the differences in the 
environmental parameters caused by water exiting French Pass from the Marlborough 
Sounds. The yearly average proportion of blue cod that were sampled from the D'Urville 
Island region but misclassified to different regions was large, indicating that subpopulations 
in the D'Urville Island region were connected with subpopulations in the Marlborough 
Sounds and with subpopulations in Tasman Bay.  
Previously, the movement of blue cod between inner and outer regions in Fiordland 
has been analysed using otolith trace element signatures (Beer et al. 2011b). The multivariate 
elemental composition of the otolith edge (most recently deposited material) was compared 
among blue cod populations from inner and outer fjords. Similar to the present study, 
reclassification-to-region (CAP) analysis was used to analyse potential movement and mixing 
between regions. High reclassification to sampling regions success of blue cod in Fiordland 
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implied limited mixing among inner and outer fjord subpopulations. Beer et al. (2011b) 
attributed the variability in otolith elemental composition to complex variability in water 
chemistry between inner and outer Fiordland. To verify their results, Beer at al. (2011b) 
conducted a relocation study, where blue cod from outer Doubtful Sounds were moved to 
inner Doubtful Sound. The study confirmed that spatial variability in otolith elemental 
signature likely reflected the physico-chemical environment at the time of accretion (Beer at 
al. 2011b).  
Differences in the physico-chemical environments between Fiordland and 
Marlborough Sounds/Tasman Bay regions, likely resulted in differences in the elemental 
concentrations of blue cod otoliths. The concentrations of Li and Mn were generally higher 
among blue cod from Fiordland. Higher concentrations of Li and Mn in otoliths of blue cod 
from Fiordland could both be explained by higher freshwater inputs and weathering of rocks 
as the major sources of Li and Mn in the ocean (Bender et al. 1977, Hall et al. 2005). In 
contrast, the concentrations of B, Mg, P, and Sr were higher in otolith edges of blue cod from 
the Marlborough Sounds and Tasman Bay compared to blue cod from Fiordland. B, Mg, and 
Sr increase with salinity (Padmavathi & Satyanarayana 1999, Hall et al. 2005), which likely 
explains the higher concentrations in the more oceanic regions of the Marlborough 
Sounds/Tasman Bay compared to Fiordland, where freshwater input is high and salinity 
lower. Concentrations of Cu, Zn, Ba, and Pb concentration were similar relatively similar 
between blue cod from Fiordland and the Marlborough Sounds/Tasman Bay. Interestingly the 
concentration of Pb was similarly high in otoliths of blue cod from D’Urville Island and the 
outer region of Breaksea Sound, whereas the concentrations of Pb were similarly low 
between blue cod from the inner fjords and the inner and outer Marlborough Sounds, and the 
inner and outer Tasman Bay. Higher concentrations of Pb are generally associated with 
anthropogenic activities, but can also be affected by river discharge, upwelling, volcanic 
activity, and biological activity (Broecker & Peng 1982).  
The present study was the first to resolve otolith trace elemental signatures of blue 
cod subpopulations in the Marlborough Sounds and Tasman Bay, and to analyse these data to 
infer adult movement and larval connectivity patterns. Blue cod, particularly in the 
subpopulation from the outer Marlborough Sounds, showed high site fidelity, likely acting as 
a source of larval and adult blue cod for the inner Marlborough Sounds subpopulation. Trace 
elemental signatures in combination with information on the population structure and growth 
of the D'Urville Island subpopulation indicated that this region might have acted as a 
reproductive source, supporting blue cod populations within Tasman Bay, and connected 
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populations in the Marlborough Sounds and Tasman Bay. The observed high site fidelity and 
source-sink population dynamics have important implications for the effective management 
of blue cod in this area, particularly for the positioning of marine protected areas. Otolith 
microchemistry has provided novel information on the likely movement and mixing of adult 
blue cod and some evidence of larval sources and dispersal among regions in the 
Marlborough Sounds and Tasman Bay. Although more information on the spatial and 
particularly the temporal variation in water chemistry and otolith trace element signatures are 
needed to resolve and interpret movement patterns fully, the data presented here indicated 
that otolith microchemistry was a powerful tool to determine movement and mixing of blue 
cod in a coastal environment retrospectively. Combining otolith trace elemental signatures 
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Mature age structure has been recognized as an important determinant of fecundity in 
fish populations. More recently it has been demonstrated that in some species older, larger 
females can also produce faster growing and more viable larvae than younger, smaller 
females. This effect was investigated in sea perch (Helicolenus percoides) and information 
was collected on fecundity as well as notochord length and oil globule volume (OGV) of 
larvae on the day of parturition, time to 50% mortality, and rate of change in length and OGV 
of cohorts of larvae in fed and unfed treatments. Absolute fecundity increased proportionally 
with maternal age and total length. Older, larger females produced cohorts of larvae with 
larger OGVs. These cohorts also had faster positive rates of change in length in the fed 
treatment than did cohorts of larvae produced by younger, smaller females. The OGV was 
positively correlated with rates of change in length and survival in the fed treatment, 
however, influences on growth or survival were not detected in the unfed treatment. Further, 
cohorts of larvae in the unfed treatment had negative rates of change in length and lower 
survival compared to cohorts in the fed treatment. The results indicated that the OGV, which 
was affected by maternal age and size, was an important factor influencing larval growth and 
viability when external energy sources were available. These data provide insight into the 
reproductive biology of sea perch and highlight the importance of an old-growth age structure 
for effective larval viability and growth. 
 
 

















Over the past century, scientists have strived to understand the mechanisms that 
influence reproductive output and recruitment success of fish populations. Many theories, 
hypotheses, and models have been developed to calculate and predict spawning success and 
year-class strength for individual populations (Cushing 1972, Lasker 1975, Miller et al. 1988, 
Leggett & Deblois 1994). Studies over the past five decades have demonstrated that larger, 
older fish can have distinctly different reproductive energetics than smaller, younger 
individuals (Hempel & Blaxter 1967, Hislop 1988, Kjesbu 1989, Chambers & Leggett 1996, 
Trippel et al. 1997). While recognition of the relationships between maternal condition and 
larval survival has been demonstrated in the literature since the 1960s (Nikol’skil 1962), we 
have only recently begun to incorporate these relationships into fisheries management 
considerations (Birkeland & Dayton 2005). Currently, fisheries management is moving away 
from the population-based, single-species approach (Botsford et al. 1997), towards a 
multispecies fisheries management system, incorporating environmental and biotic factors, as 
well as variations in abundance, trophic structure, and demography within whole fish 
communities (Pikitch et al. 2004, Beddington et al. 2007, Durante et al. 2020). As part of the 
approach population structure and maternal effects are now being recognized as important 
determinants of larval survival and recruitment success of marine populations (Hixon et al. 
2014).  
A large number of studies have demonstrated how age and size truncation of fish and 
invertebrate populations can affect the quality of offspring and recruitment (Longhurst 2002, 
Berkeley et al. 2004a, Birkeland & Dayton 2005, Green 2008, Jack & Wing 2010). In some 
species, a relatively small number of older, larger females can contribute disproportionally 
more to a population's reproductive output than younger, smaller females (Hixon et al. 2014). 
This is due to their abilities to have earlier and/or longer spawning seasons (Bobko & 
Berkeley 2004, Wright & Gibb 2005, Sogard et al. 2008), to produce multiple batches of eggs 
over extended periods of time (Parrish et al. 1986, Marteinsdottir & Steinarsson 1998, Secor 
2000), and to be able to spawn in different locations (Wright & Trippel 2009, Hsieh et al. 
2010). For example, the positive effects of maternal age on the growth and survival of larvae 
was highlighted in a key experimental study on the black rockfish Sebastes melanops by 
Berkeley et al. (2004a). In this study, older mothers provisioned their offspring with larger oil 
globules, comprised of energy rich fatty acid triacylglycerol, than did younger mothers. 
Consequentially, the larvae produced by older mothers had higher survival rates and grew 
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three times faster than their counterparts produced by younger mothers (Berkeley et al. 2004a 
b). The observed relationships highlight the critical links between adult demographics and 
recruitment dynamics in marine fishes. 
Recruitment models that incorporate maternal traits such as age distribution, 
condition, fecundity, and variable spawning stock biomass (SSB) among years are better 
predictors of recruitment variation than models that simply rely on SSB (Marshall et al. 
2003). While there are cases where the relationship between SSB or stock-recruitment (S/R) 
and the number of eggs produced has been demonstrated, uncertainty remains high for most 
fisheries models (Green 2008). The most common explanation for lack of a S/R relationship 
is the high mortality during the larval period, estimated at up to 99.9% for free swimming 
species (Ferron & Leggett 1994). There is now evidence that, in many species, differences in 
larval survival can be linked to maternal effects (reviews by Green 2008, Hixon et al. 2014). 
Therefore, further quantifying species-specific differences in larval quality and survival due 
to maternal age and size is an important source of information for accurately estimating 
recruitment from SSB. 
In the present study, maternal investment and larval survival were investigated in 
Helicolenus percoides (Richardson & Solander 1842), commonly known as sea perch, from 
the Otago coast, New Zealand. Sea perch are a relatively small (~50 cm), long-lived (~60 
years [Paul & Horn 2009]), benthic species distributed throughout New Zealand and southern 
Australia's continental shelf and slope, where they have been caught from coastal regions to 
offshore seamounts and ridges in temperate waters at depths of 1000 m (Paul & Horn 2009). 
Maximum lengths reported for sea perch from the East Coast of New Zealand's South Island 
range from 38 cm for females to 42 cm for males (Paul & Horn 2009). Little is known about 
their movement and life history changes, however, regional differences in colour, 
morphology, growth rates, and otolith microchemistry indicate that adult sea perch likely 
form discrete subpopulations (Lewis 2008, Paul & Horn 2009, Smith et al. 2009, Lawton et 
al. 2010). The relatively sedentary lifestyle of adult sea perch highlights the importance of the 
larval stages for the maintenance of population connectivity. Sea perch are viviparous, similar 
to other species in the Sebastidae family. Little is known about the reproductive biology of 
sea perch, and most of the available information is anecdotal. They release a gelatinous and 
buoyant mass that contains larvae that are approximately 2 mm long (Graham 1939a). The 
larval mass dissolves in water to release free swimming larvae (pers. obs. 2018). There is 
little information on the functionality of the gelatinous mass or the process of parturition in 
sea perch. When extruded, larvae have a functional mouth, pigmented eyes, a loosely coiled 
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gut and a well-formed base and blade of the pectoral fin (Furlani 1997). By the time of 
extrusion, yolk sacs are fully absorbed by the larvae. An oil globule is present, visible as an 
orange to yellow sphere. The oil globule is the endogenous energy store, provided by the 
mother and acts as a buffer from starvation in the first days of the larva's life before first 
feeding. Starvation during the initial larval phase is thought to be a major driver of larval 
mortality, which along with predation and dispersal contributes to recruitment variability in 
marine fishes (Anderson 1988, Huwer et al. 2011). 
Understanding and identifying the factors that affect mortality and survivorship of 
fish larvae is crucial to gain insight into the mechanisms that regulate recruitment. Recent 
findings show that larval mortality is selective and that an individual's phenotype has an 
effect on its survivorship (Johnson et al. 2014). In addition, mortality can vary among cohorts 
of larvae, contributing to large variations in recruitment (Johnson et al. 2014). Some 
laboratory and field studies have demonstrated that cohorts of faster growing larvae had 
higher survival rates than cohorts of slower growing larvae (Castro & Cowen 1991, Houde 
1997, Berkeley et al. 2004a, Dower et al. 2009). Higher larval survivorship has been 
attributed to stronger swimming capabilities and a shorter timeframe over which faster 
growing larvae were exposed to size-dependent predation (Cowan et al. 1996, Dower et al. 
2009). Accordingly, size is widely recognized as an important factor influencing larval 
survival (Anderson 1988, Garrido et al. 2015). For example, a larger size at hatch or 
extrusion is associated with a higher probability of survival (Vigliola & Meekan 2002) due to 
increased performance-related traits such as growth, escape ability, and increased success in 
capture of prey (Miller et al. 1988, Fisher et al. 2007). Nevertheless, in some viviparous 
species, there is a context dependant trade-off between the larval size and the energy reserves 
in the oil globule, indicating that larval size alone might be an insufficient measure of fitness 
(Fisher et al. 2007). 
To gain a better understanding of the reproductive biology of sea perch, the 
relationships between maternal age, total length, weight, condition index (Fulton's K) and 
fecundity were investigated. It was hypothesized that absolute and weight-specific relative 
fecundity would be higher among older, larger, females. Further, the relationships between 
maternal traits and the larval notochord length and oil globule volume (OGV) on the day of 
parturition were investigated, hypothesizing that older, larger, better conditioned females 
would produce cohorts of larvae with larger notochords and larger OGVs than smaller, 
younger, less well conditioned females. A fed and unfed experimental design was used to 
compare larval viability traits; rate of change in length, rate of change in size of the OGV, 
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and time to 50% mortality. It was hypothesized that, in both treatments, cohorts of larvae 
from older, larger females would survive longer and be more viable than cohorts of larvae 
produced by younger, smaller females. The test of these hypotheses directly informed our 
understanding of relationships between maternal traits and larval viability, providing an 
important example relevant to understanding how adult population structure and 
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5.2 MATERIALS AND METHODS 
5.2.1 Collecting and maintaining adult sea perch 
Adult sea perch were collected off the coast of Otago, New Zealand (46° 1'52.4" S, 
170° 33'35" E) during the Austral late spring/early summer in November 2015 (n = 10), 
November and December 2017 (n = 25), and December 2018 (n = 9) from a depth range of 
20 to 60 m using hook and line fishing. Late spring to early summer is reported to be the 
primary parturition season for sea perch with females carrying developed larvae (Paul & 
Francis 2002). At the time of the study, there was no information on when internal 
fertilization occurs for sea perch in New Zealand waters. In south-eastern Australian waters, 
mating has been observed to occur from June to August (Park 1994).  
Live fish were transported to the Portobello Marine Laboratory, Dunedin, New 
Zealand, where they were transferred into individual 70 L tanks. The tanks were connected to 
the laboratory seawater circulation system, receiving seawater from the Otago Harbour. The 
holding time of females in the laboratory ranged from 3 to 12 days prior to parturition. 
During this time, the water temperature ranged from 13.6°C to 16.0°C in 2015, from 15.4°C 
to 17.1°C in 2017, and from 15.7°C to 18°C in 2018. Maternal females were not fed while 
held in the laboratory.  
Immediately after parturition, the females were humanely euthanized under the 
University of Otago ethics protocols ET77/15 (2015 and 2017) and AUP-18-193 (2018). For 
euthanasia, fish were transferred in a 150 mg/L Aqui-S solution for 40min (Aqui-S New 
Zealand LTD 2016). Fish were then stored in a -20°C freezer before further analysis of age, 
size, and weight. 
 
5.2.2 Maternal traits 
Age (years), weight (g) of thawed fish, and total length (mm) were recorded for each 
maternal female. A condition index (Fulton's K) was calculated: 
K =  (
WW
TL3
) ∗  104 (5.1) 
where WW was the weight (g) and TL the total length (mm) of each female. 
The sagittal otoliths were removed by cranial dissection to determine the age of each 
female. Otolith banding for sea perch was age validated by Paul and Francis (2002). Otoliths 
were rinsed in deionized water and transferred to sterile Eppendorf tubes. One of each pair of 
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otoliths was embedded in K36 epoxy resin (Epoxy Kit, Nuplex Industries Inc., Auckland, 
New Zealand) and transverse sections (~1.5 mm thickness) were cut through the primordium 
using a Buehler Isomet low-speed diamond bladed saw. The sections were mounted on glass 
slides using crystalbond 509 (Amerco Products Inc., NY). The otoliths were then ground 
using wet-dry sandpaper (grades P600 and P800) until the growth increments were clearly 
visible. The slides were polished using ultrafine sandpaper (grade P1500) in combination 
with alumina silicate polishing powder. Ages were estimated from photomicrographs of 
sectioned otoliths under transmitted light. Only opaque zones (winter growth) bordered by 
translucent zones (summer growth) on both sides were counted. Image processing software 
(ImageJ) was used to improve contrast and clarity of images and allow a more accurate 
reading of the annual growth increments. 
 
5.2.3 Larval rearing 
For growth and survivorship analysis, larvae from the same mother were used for fed 
and unfed experimental treatments. Approximately 500 larvae were stocked in 8 L tanks 
divided by the presence and absence of marine rotifers, comprising the fed (3 rotifers per mL) 
and unfed (0 rotifers per mL) treatments. Rotifer cultures were fed with phytoplankton 
(Nannochloropsis sp.) (Nanno 3600, Reed Mariculture Inc., California, USA). The rotifer 
densities in the tanks of the fed treatment were monitored and adjusted every day to maintain 
the targeted food concentrations. Dead larvae were carefully removed from the bottom of the 
tank via a small suction tube. Larvae were reared in a controlled temperature room (CT 
room). The temperature was kept at 15°C, and a natural day-and-night (12:12) cycle was 
applied. The rearing tanks were not connected to the seawater system, therefore, 2.5 L filtered 
seawater was exchanged manually every second day to ensure adequate oxygen saturation. 
The water temperature in the larval tanks was kept at a constant 15°C and the water that was 
used for the water exchange was kept in the CT room at a constant temperature of 15°C. 
 
5.2.4 Fecundity 
After separating the larvae that were used for the feeding experiments (~ 1000 larvae 
per female), the remaining larvae were removed from the tank and preserved in 2% seawater 
buffered formalin (37% formaldehyde). Using a plankton splitter, the larvae were separated 
into subsamples to estimate fecundity for each female. Two subsamples were counted, the 
average was taken and multiplied by the division factor to estimate the absolute fecundity as 
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the number of larvae a female produced. The number of larvae removed from the tank for 
viability experiments was added to this number to obtain total fecundity estimates. Absolute 
fecundity (Fabs) was described by a power function:  
Fabs = aMT
b (5.2) 
where MT is the maternal trait (age, total length, wet weight, or condition index). Parameters 
a and b are the intercept and slope. To fit a regression to the data, the equation was log-
transformed: 
log(Fabs) = log(a) + b * log(MT) 
 Weight-specific relative fecundity (larvae g WW-1) was calculated by dividing absolute 
fecundity by maternal weight, and was best described as a linear function: 
Frel = c + d * MT (5.3) 
 
5.2.5 Larval characteristics and viability  
On the day of parturition, initial samples of approximately 20 larvae were taken and 
preserved in 2% seawater buffered formalin (37% formaldehyde) (Fig. 5.1). From both, the 
fed and unfed treatments, samples of 15 larvae were taken every second day and preserved in 
2% seawater buffered formalin (37% formaldehyde) to later estimate larval viability as the 
rate of change in length of cohorts of larvae and change in average volume of the oil globule. 
The larval characteristics notochord length (µm) and oil globule diameter (µm) were 
measured using photomicrographs of the larvae. Change in length was estimated using a 
linear regression model: 
Lt = a + b * t (5.4) 
where Lt is the estimated notochord length (µm) at time (t), a is the y-axis intercept, b is the 
change in size (µm/day). It was assumed that the oil globule was a sphere. Therefore, the 
diameter (d) was used to calculate the oil globule volume (OGV) as: 
OGV = 1/6π * d3  (5.5) 
The OGV was log10 transformed to achieve a normal distribution. The rate of change 
of the average OGV was calculated using a first order decay kinetic model: 
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 y = at ∗ e
(−kt) + a0  (5.6) 
where at is the OGV at time t, -k is the rate of change in size of OGV over t, and a0 is the 
OGV at t = 0. The time to 50% mortality in the fed and unfed treatments was estimated as the 





Figure 5.1. H. percoides larva on the day of parturition (A) (magnification: 2.52x) with a 
close-up of the larva's head with visible oil globule (B) (magnification: 6.3x). Black arrow 




5.2.6 Statistical analysis 
To test if temperature affected the notochord length and the OGV of cohorts of larvae, 
the temperature on the day of parturition (TP) and the average temperature during the days 
that the female spent in the laboratory (TM) were included into a general linear model (GLM) 
with the maternal trait predicting notochord length and OGV. 
To test the hypothesis that older, larger, better conditioned females were more fecund 
the relationships between maternal age, total length, wet weight and condition and absolute 
and weight-specific relative fecundity were analysed using linear regression analyses. Change 
in length of cohorts of larvae, change in average OGV, and time to 50% mortality were 
compared between the fed and unfed treatments (TREATMENT, fixed, 2 levels) using 
analysis of variance (ANOVA). To test the hypothesis that maternal traits had an effect on 
change in length of cohorts of larvae, change in average OGV, and time to 50% mortality in 
the fed and unfed treatments, analysis of covariance (ANCOVA) with the factors 
TREATMENT (fixed, 2 levels) nested within a maternal trait (age, total length, or wet weight, 
continuous) was used. The relationship between larval notochord length and OGV on the day 
of parturition was analysed using linear regression. The hypothesis that larval characteristics 
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on the day of parturition (notochord length and OGV) had an effect on the larval viability 
between the two treatments was tested using ANCOVAs with the factors TREATMENT 
(fixed, 2 levels) nested within each larval characteristic (notochord length, or OGV, 
continuous). All statistical analyses were performed using JMP Pro 11 (SAS Institute Inc., 
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 In 2015, the larvae of ten females that ranged from 11 to 47 years, 257 to 338 mm 
total length, and 289 to 667 g wet weight were sampled. The condition (Fulton's K) of these 
females ranged from 0.165 to 0.208 (Table 5.1). No larvae were used for feeding experiments 
in 2015. In 2017, 25 females were sampled that ranged from 8 to 26 years, 249 to 310 mm 
total length, and 295 to 563 g wet weight (Table 5.1). The condition of the females sampled 
in 2017 ranged from 0.144 to 0.218. Larvae of six females were used for feeding experiments 
in 2017. In 2018, nine females were sampled that ranged from 8 to 28 years, 236 to 311 mm 
total length, and 270 to 611 g wet weight. The condition of these females ranged from 0.178 
to 0.215 (Table 5.1). Larvae of nine females were used for feeding experiments in 2018. 
Generally, weight increased with maternal age and total length. Maternal length increased 





Table 5.1. Summary statistics for age, total length (TL), wet weight (WW) and condition 
index (Fulton's K) (average ± S.D., range in parentheses) of female sea perch that spawned in 
the laboratory. The number of females (nfemale), and the number of fed (nfed) and unfed (nunfed) 
larval treatments are given. 








nfed  nunfed  
2015 10 23 ± 9 
(11 – 47) 
302 ± 23 
(257 – 338) 
510 ± 117 
(289 – 667) 
0.178 ± 0.013 
(0.165 – 0.208) 
- - 
 
2017 25 16 ± 4 
(8 – 26) 
281 ± 19 
(249 – 310) 
430 ± 85 
(295 – 563) 
0.191 ± 0.014 
(0.144 – 0.218) 
6 6 
2018 9 16 ± 6 
(8 – 28) 
269 ± 21 
(236 – 311) 
405 ± 99 
(270 – 611) 
0.203 ± 0.012 
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Absolute fecundity ranged from ~14000 to ~31000 larvae among females and 
generally increased exponentially with maternal age, total length, and wet weight (Fig. 5.2, 
Table 5.2). Weight-specific relative fecundity ranged from 40 to 60 larvae per g wet weight 
and was analysed relative to maternal age, total length, and wet weight. None of the 




Table 5.2. Maternal age (A, years), total length (TL, mm), and wet weight (WW, g) effects on 
absolute fecundity (Fabs) and weight-specific relative fecundity (Frel, larvae g WW
-1). r2, F-












log (Fabs) = 8.677 + 0.445 * log (A)  
log (Fabs) = -2.267 + 2.173 * log (TL) 




















Frel = 55.217 – 0.293 * A 
Frel = 87.086 – 0.136 * TL 





















Figure 5.2. Relationships between absolute fecundity (number of larvae produced by a female *103) and weight-specific relative fecundity 
(larvae g wet weight-1) and maternal age (years) (A, D), total length (mm) (B, E), and wet weight (g) (C, F). Equations and regression results are 
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5.3.2 Maternal effects on larval notochord length and oil globule volume on the day of 
parturition 
The temperature on the day of parturition (TP) and the average temperature of the time 
the female spent in the laboratory (TM) had no significant effects on the larval notochord 
length or the OGV on the day of parturition (Table 5.3) and were, therefore, excluded from 
further analyses. Maternal effects on the average larval notochord length on the day of 
parturition were not evident in the present study. However, older, larger, heavier females 
produced cohorts of larvae with a broader range of notochord lengths than younger, smaller 
females (age: F1,42 = 7.47, p = 0.0092; total length: F1,42 = 11.23, p = 0.0017; wet weight: 
F1,42 = 6.77, p = 0.0128). Females with a higher condition index produced cohorts of larvae 
with significantly smaller ranges of notochord lengths (F1,42 = 4.93, p = 0.0319) (Fig. 5.3). 
Similarly, older, larger, and heavier females also produced cohorts of larvae with larger oil 
globules (age: F1,40 = 6.45, p = 0.0151; total length: F1,40 = 6.11, p = 0.0178; wet weight: F1,40 
= 5.13, p = 0.0289) (Fig. 5.4). There was no significant relationship between maternal 
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Table 5.3. Effects of maternal traits (age, total length, wet weight), water temperature on the 
day of parturition (TP) and the average water temperature prior to the day of spawning (TM) 
on larval oil globule volume, notochord length and the variance of the notochord length on 
the day of parturition. r2, F-statistic, p-value, and degrees of freedom (df; factor, error) are 
given. Significant results are in bold. 
Dependent 
variable 



















































































































Figure 5.3. Relationships between maternal traits (A) age (y = 0.92 * x – 1.29, r2 = 0.151), 
(B) total length (mm) (y = 0.32 * x – 74.73, r2 = 0.211), (C) wet weight (g) (y = 0.06 * x – 
11.18, r2 = 0.139), and (D) condition index (y = -334.43 * x + 79.06, r2 = 0.105) and the 
variance of the notochord length of a cohort of larvae (x103) on the day of parturition. 
Regression lines are only fitted to significant relationships, dashed lines represent the 95% 













Figure 5.4. Relationships between maternal traits (A) age (y = 0.02 * x + 4.7, r2 = 0.139), (B) 
total length (mm) (y = 0.006 * x + 3.42, r2 = 0.132), (C) wet weight (g) (y = 0.001 * x + 4.51, 
r2 = 0.114), and (D) condition index and the average Log10 oil globule volume (OGV) on the 
day of parturition. Regression lines are only fitted to significant relationships, dashed lines 
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5.3.3 Larval viability comparison between fed and unfed treatments 
 The average (±S.E.) rate of change in length of cohorts of larvae in the fed treatment 
was 9.94 ± 3.46 μm-1 day. In the unfed treatment, cohorts of larvae had a negative rate of 
change in length (-27.19 ± 2.58 μm-1 day). The rate of change in length was significantly 
different between the two treatments (F1,28 = 73.97, p < 0.0001) (Fig. 5.5). The average rate 
of change in OGV was slower among cohorts of larvae in the fed treatment (-0.10 ± 0.004), 
ranging from -0.14 to -0.08. In the unfed treatment, the average rate of change in OGV was -
0.12 ± 0.008, ranging from -0.17 to -0.07. There was no significant difference in the rate of 
change in OGV between the two treatments (F1,28 = 3.27, p = 0.08) (Fig. 5.5). The average 
time to 50% mortality was 11 ± 0.47 days in the fed treatment and 9 ± 0.18 days in the unfed 
treatment. Cohorts of larvae in the fed treatment lived significantly longer compared to larvae 















Figure 5.5. Comparison of the average (±S.E.) of the (A) rate of change in length (μm day-1), 
(B) rate of change in log10 oil globule volume (OGV), and (C) time to 50% mortality between 
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5.3.4 Maternal effects on larval viability 
 Results of the ANCOVA demonstrated that the rate of change in length of cohorts of 
larvae was significantly affected by TREATMENT (F3,26 = 92.59, p < 0.0001) and maternal 
age (F3,26 = 4.53, p = 0.0206). However, cohorts of larvae of older females grew faster only 
in the fed treatment (p = 0.0085) (Fig. 5.6). No effects of maternal age were found in the 
unfed treatment (p = 0.342). Similarly, results from ANCOVA demonstrated significant 
effects of TREATMENT (F3,26 = 98.57, p < 0.0001) and maternal total length (F3,26 = 5.66, p 
= 0.0091) on the rate of change in length of larval cohorts. Cohorts of larvae in the fed 
treatment had a faster rate of change in length when their mothers were larger (p = 0.0024). 
No effects of maternal total length were found in the unfed treatment (p = 0.8835) (Fig. 5.6). 
Maternal weight and TREATMENT both significantly influenced the rate of change in length 
of cohorts of larvae (wet weight; F3,26 = 4.38, p = 0.0229; TREATMENT F3,26 = 91.84, p < 
0.0001). Heavier females produced cohorts of larvae that had a faster rate of change in length 
than cohorts of larvae of lighter females in the fed treatment (p = 0.0065), but not in the unfed 
treatment (p = 0.8982) (Fig. 5.6). 
 There were no effects of maternal age (F3,26 = 2.83, p = 0.077) or TREATMENT (F3,26 
= 3.70, p = 0.0653) on the rate of change in OGV (Fig. 5.6). ANCOVA results also showed 
no effects of maternal total length (F3,26 = 2.17, p = 0.1345) and TREATMENT (F3,26 = 3.55, p 
= 0.0708) on the rate of change in OGV (Fig. 5.6). Similarly, no effect of maternal wet 
weight (F3,26 = 2.79, p = 0.08) and TREATMENT (F3,26 = 3.69, p = 0.0657) on the rate of 
change in OGV were found (Fig. 5.6). 
 The time to 50% mortality was longer in the fed treatment than in the unfed treatment, 
maternal age had no effect on larval survival (TREATMENT: F3,22 = 27.60, p < 0.0001, 
maternal age: F3,22 = 0.71, p = 0.5037) (Fig. 5.6). Similar results were found when the 
ANCOVA included maternal total length (TREATMENT: F3,22 = 25.89, p < 0.0001, maternal 
total length: F3,22 = 0.288, p = 0.7527) and wet weight (TREATMENT: F3,22 = 25.74, p < 












Figure 5.6. ANCOVA results showing the effects of maternal traits (age [years], total length [mm], wet weight [g]) and the larval treatment (fed: 
black circles, solid lines; unfed: white circles, dashed lines) on larval rate of change in length (A, B, C), rate of change in log10oil globule volume 
(OGV) (D, E, F), and time to 50% mortality (G, H, I). Significant relationships are indicated by a regression line; significant differences between 
the feeding treatments are indicated by an asterisk (*) in the upper right corner. Note the scaled x- and y-axes.
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5.3.5 Larval characteristics and viability 
OGV in cohorts of larvae decreased with increasing notochord length on the day of 
parturition (F1,42 = 7.06, p = 0.0111). An ANCOVA demonstrated that the rate of change in 
length of cohorts of larvae was significantly influenced by notochord length on the day of 
parturition (F3,26 = 3.85, p = 0.0345) and TREATMENT (F3,26 = 89.00, p < 0.0001). Cohorts 
of larvae born at a larger size had a slower rate of change in length than cohorts of larvae 
born at a smaller size in the fed treatment (p = 0.0206), but not in the unfed treatment (p = 
0.2150) (Fig. 5.7). The rate of change in OGV was not different between the fed and unfed 
treatments (F3,26 = 3.72, p = 0.0648). In the fed treatment, cohorts of larvae born at a larger 
size had a faster rate of change in OGV than cohorts of larvae born at a smaller size (p = 
0.0357) even though notochord length was not significant in the model (F3,26 = 2.89, p = 
0.0733) (Fig. 5.7). The time to 50% mortality was significantly longer in the fed treatment 
(F3,22 = 29.19, p < 0.0001), however the notochord length on the day of parturition had no 
effect on larval survival in both treatments (F3,22 = 1.08, p = 0.3568) (Fig. 5.7). 
 The rate of change in length was significantly faster among cohorts of larvae with 
larger oil globules (F3,26 = 5.26, p = 0.0121) and significantly different between the fed and 
unfed treatments (F3,26 = 96.46, p < 0.0001) (Fig. 5.7). There was no effect of the OGV on 
the rate of change in length of cohorts of larvae in the unfed treatment (p = 0.598). The rate 
of change in OGV was significantly faster among cohorts of larvae born with a larger OGV 
(F3,26 = 9.12, p = 0.001), in both the fed (p = 0.0172) and unfed (p = 0.002) treatments 
(TREATMENT; F3,26 = 5.17, p = 0.0314) (Fig. 5.7). The time to 50% mortality was 
significantly longer in the fed treatment (F3,22 = 44.34, p < 0.0001). The OGV on the day of 
parturition also had a significant effect on the survival of larvae (F3,22 = 7.97, p = 0.0025). A 
larger OGV increased survival only in the fed treatment (p = 0.0008), but not in the unfed 
treatment (p = 0.332) (Fig 5.7). 
 
 




Figure 5.7. ANCOVA results showing the effects of larval characteristics on the day of 
parturition (notochord length [μm], log10 oil globule volume [OGV]) and the larval treatment 
(fed: black circles, solid lines; unfed: white circles, dashed lines) on larval rate of change in 
length (A, B), rate of change in log10OGV (C, D), and time to 50% mortality (E, F). 
Significant relationships are indicated by a regression line; significant differences between 
the feeding treatments are indicated by an asterisk (*) in the upper right corner. Note the 


















The results of the present study provide the first estimates of the relationship between 
absolute fecundity and maternal traits in sea perch (Helicolenus percoides), however weight-
specific relative fecundity was not related to maternal traits. Previous anecdotal estimates of 
absolute fecundity have reported that one female, of indeterminate size, produced approximately 
80,000 larvae (Graham 1939a). Our quantitative results demonstrated that there was a significant 
positive relationship between absolute fecundity and maternal age, total length, and weight, 
which is consistent with observations of other species in the genus Helicolenus that had 
increased absolute fecundity with larger body and ovary sizes (Sequeira et al. 2015). Female fish 
may invest more energy in reproduction than somatic growth as they age, particularly in long-
lived species with low natural mortality (Roff 1992). Even though fecundity was higher among 
older, larger female sea perch in the present study, the fecundity-length relationship exponent (b) 
was less than three (b = 2.173), and the fecundity-weight relationship exponent was less than 
one (b = 0.813). These results indicated that fecundity either increased proportionally with 
length and weight, or larger females were less fecund than expected in comparison with smaller 
females (Dick et al. 2017, Barneche et al. 2018). Further, our results demonstrated that while 
older, larger female sea perch did not produce more larvae per unit weight than younger, smaller 
females the cohorts of larvae that older, larger females did produce were provisioned with larger 
oil globules and were more viable in a fed treatment than cohorts of younger, smaller females. 
Older, larger females produced cohorts of larvae with a broader range of notochord 
lengths. The production of cohorts of larvae with a broader range of notochord lengths could be 
a bet-hedging strategy among older, larger females (Sasaki & Ellner 1995). Different larval sizes 
have been associated with differences in their metabolic rates (Bochdansky et al. 2005, Garrido 
et al. 2015). In unpredictable environments with patchy prey and predator abundance, producing 
cohorts of larvae with variable metabolic rates may increase fitness and survival chances when 
facing variable environmental conditions (Bochdansky et al. 2005). In an extremely variable 
environment, such as the Otago shelf, where the distribution and abundance of suitable prey 
vary depending on local currents and winds (Murdoch 1989, Takagaki 2016, Stevens et al. 
2019) producing larval cohorts with a broader range of notochord lengths and therefore 
metabolic rates may be favourable.  
Cohorts of larvae produced by older and larger females were provisioned with larger oil 
globules than cohorts produced by younger, smaller females. Further, maternal effects on larval 
performance were evident in the rate of change in length of cohorts of larvae in the fed 
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treatment. Older, larger, and heavier females produced cohorts of larvae that had faster positive 
rates of change in length than did cohorts of larvae produced by younger, smaller females. The 
average volume of the oil globule had an important relationship with the rate of change in length 
and survivorship of cohorts of larvae in the fed treatment. Larval cohorts with larger oil globules 
had a faster rate of change in length than cohorts with smaller oil globules. The results indicated 
that when food was present, larger oil globules, had important benefits for larval growth and 
viability. Larger oil globules were also associated with faster growth in multiple closely related 
rockfish species (Sebastes spp.) when food was not limited (Berkeley et al. 2004a, Fisher et al. 
2007). In the present study, both growth and survivorship were not affected by the volume of the 
oil globule in the unfed treatment, indicating that the volume of the oil globule positively 
affected larval viability only in combination with adequate external energy resources at the time 
of first feeding. Our results provide evidence that older, larger females provisioned their larvae 
with larger oil globules on the day of parturition, which had significant benefits for larval 
viability in the fed treatment but not in the unfed treatment.  
Significant differences in the rate of change in length of larval cohorts between the fed 
and unfed treatments were observed. The notochord length on the day of parturition had a 
significant effect on the rate of change in length of cohorts of larvae in the fed treatment, 
indicating that cohorts of larvae born at larger sizes had slower rates of change in length than 
cohorts of smaller larvae. There were no differences in the rate of change in volume of the oil 
globule between the fed and unfed treatments. However, in the fed treatment larvae born at a 
larger size had a significantly slower rate of change in volume of the oil globule than observed 
for smaller larvae. The difference may have been due to increased prey capture capabilities of 
larger larvae, allowing larvae to delay the use of their oil globule (Moodie et al. 1989), however, 
this was not explicitly tested in the present study. The observed slower rate of change in length 
of cohorts of larger larvae in the fed treatment and the similarity of the use of the oil globule 
between larval cohorts in the two treatments raises the question whether the prey concentrations 
and the nutritional quality of the food in the fed treatment were high enough to meet the 
energetic requirements of growing larvae. The time to 50% mortality was significantly longer in 
the fed treatment, indicating that food supply and quality may have only been adequate to satiate 
larvae for a limited time.  
When no food was present, the rate of change in length of cohorts of larvae was 
negative, indicating that the average length in a larval cohort declined over time, likely as a 
result of increased size selective mortality among larger larvae within the cohort. However, the 
notochord length on the day of parturition did not affect the rate of change in length of cohorts 
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of larvae in the unfed treatment. Similar results were reported by Garrido et al. (2015), who 
demonstrated that the mean size-at-age of cohorts of European sardine larvae (Sardina 
pilchardus) decreased over time when larvae were not fed, consistent with size-specific 
mortality. In an environment where food supply was limited, smaller larvae with a lower 
metabolic rate were thought to be favoured, due to their increased time to find adequate food 
(Bochdansky et al. 2005). In the present study, there was no relationship between the notochord 
length on the day of parturition and the rate of change in volume of the oil globule in the unfed 
treatment. It was hypothesized that, because of the differences in the metabolic rate associated 
with larval length, larvae born at a larger size would use their oil globule at a faster rate than 
cohorts born at a smaller size in the unfed treatment. One could speculate that smaller larvae 
may have invested some of the energy from the oil globule into growth in addition to 
metabolism and, therefore, no differences in the rate of change in volume of the oil globule 
between larval cohorts with different average lengths were found. 
While the results of the present study highlight important relationships between maternal 
traits and larval characteristics and viability, there are several caveats to consider in interpreting 
some of our findings, based on the nature of laboratory experiments. Maternal sea perch were 
sampled from the Otago coast and transported to the laboratory. It is unknown when the females 
were fertilized, the gestation time for this species is unknown, and the differences in holding 
time may have introduced variability in notochord length and OGV on the day of parturition. 
Some females may have prolonged parturition due to stress experienced by the sampling 
method. More importantly, the gestation time could have varied due to variable temperature 
exposures or time without food among females. Larval notochord length and oil globule volume 
could have been affected by varying temperature profiles experienced by the females, 
particularly if the temperature was higher during the second half of the gestation period the oil 
globule would have been used at a faster rate during larval development. Additionally, for short-
term storage, larvae were preserved in formalin prior to measurements. Formalin can have a 
shrinking effect on larval length, which may have influenced the absolute value but not the 
overall trend in the rate of change in length of the notochord of cohorts of larvae in the present 
study. Due to the non-selective sampling method, hook and line fishing, only one very old 
female was caught, some of the results were influenced by this single individual. Nevertheless, 
the findings of the present study demonstrated that older, larger females were more fecund and 
provisioned their offspring with larger energy reserves, increasing their viability significantly 
compared to the larvae of younger, smaller females. These patterns highlight the importance of 
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demographically-based management strategies for ensuring reproductive viability of fish 
populations. 
The present study provided evidence for the importance of the maintenance of older, 
larger females within a marine fish population for reproductive success. Older, larger female sea 
perch were more fecund and provisioned their larvae with larger oil globules, which increased 
survival and growth of larvae during the period of transitioning to exogenous feeding when food 
was not limited. They also produced cohorts of larvae with a broader range of notochord 
lengths, which may have important implications for the fitness of a larval cohort in an 
environment where prey and predator abundance is patchy and unpredictable. The present study 
adds valuable information to our knowledge of the reproductive biology and ecological 
advantages of older, larger females within subpopulations of sea perch specifically. Sea perch 
are a sedentary species, with little to no adult movement among distinct subpopulations. 
Dispersal in sea perch depends on the production of viable larvae and, therefore, the 
conservation of older, larger females may ensure the reproductive success of not only local 
subpopulations but also regional population networks. 
The results of the present study add to the growing body of evidence that older, larger 
females play a key role in the reproductive success of marine fish populations. The common 
assumption that the total egg production is proportional to the spawning stock biomass, 
regardless of the age or size structure, may result in the mis-estimation of the reproductive 
potential in populations that show demographic differences in larval quality (Berkeley 2006). 
The present study supported the paradigm that factors other than the spawning stock biomass 
may be important to the reproductive potential, and that only a small proportion of the 
population, older, larger females, may be responsible for recruitment success by producing more 
viable cohorts of larvae than younger, smaller females. The consideration of the age and size 
structure of a population in fisheries management measures may lead to an increased 
reproductive potential (Spencer & Dorn 2013). Marine protected areas and fishing closures have 
been proven to be successful tools to conserve the age and size structure of marine populations 
(Berkeley 2006, Jack & Wing 2010). These results provide the basis for the clear advantage of 
maintaining old-growth age distributions when managing sustainability of marine fish 
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Spatiotemporal differences in demographics can result in variations in reproductive 
output and larval quality among marine subpopulations. Reproduction was analysed in sea 
perch (Helicolenus percoides, Sebastidae), a long-lived, viviparous species, widely 
distributed around New Zealand, in order to determine how local differences in maternal 
nutrition affected the quality and quantity of larvae. Subpopulations from Fiordland, on the 
West Coast, and from the Otago shelf on the East Coast of the South Island of New Zealand 
were compared. Fatty acid analysis of adult liver and gonad tissues were used to investigate 
potential differences in maternal nutrition. Fatty acid analysis of larvae on the day of 
parturition, larval notochord length and oil globule volume on the day of parturition, change 
in length of cohorts of larvae and change in average size of the oil globule were used as 
proxies to establish differences in larval quality between the Fiordland and Otago shelf 
subpopulations. Our results demonstrated that sea perch from the Otago shelf were more 
fecund and provisioned their larvae with smaller oil globules than females from Fiordland. 
Faster rates of change in length and slower rates of change in size of the oil globule were 
observed among cohorts of larvae produced by females from Fiordland. The concentration of 
key fatty acids docosahexaenoic acid (DHA) and arachidonic acid (ARA) were higher, and 
the eicosapentaenoic acid (EPA)/ARA ratio was lower among larvae produced by females 
from Fiordland, indicating specific visual and osmoregulatory adaptations, necessary to 
survive in the low-light, low productivity environment of the inner fjords, characterised by 
high freshwater inputs. The results of the present study highlight the important link between 
















Marine populations are often widely distributed across regions as subpopulations of 
relatively sedentary adults connected by larval dispersal (Cowen & Sponaugle 2009). Across 
the mesoscale (50-100 km) along coastlines, marine populations are likely to encounter large 
variations in abiotic and biotic factors that influence demographic parameters and vital rates, 
such as growth, mortality, reproduction, and recruitment (Houde 1989, Trip et al. 2014, 
Goldstein et al. 2016). Differences in local conditions, including productivity and food web 
dynamics, in some cases, result in large variations in demographic rates among local 
populations (Wing et al. 2003, Jack & Wing 2011). Nevertheless, the degrees to which 
demographic and vital rates differ among subpopulations of adults distributed along a 
coastline are often poorly understood (Sköld et al. 2003, Wing 2009). Understanding 
demographic differences among discrete subpopulations is essential for the effective 
implementation of marine protected areas and spatial management strategies (Quinn et al. 
1993, Jack & Wing 2013). 
Fishes respond to local changes in oceanography, temperature, productivity, and 
resource availability, often resulting in intraspecific differences of demographic structure and 
reproductive output among subpopulations (Ezard et al. 2009, Jack & Wing 2010, Goldstein 
et al. 2016). Density and age distribution of populations often varies temporally and spatially 
as a result of local variation of mortality rates, predation (Hixon & Carr 1997, Johnson et al. 
2014), or oceanographic processes that advect larvae to or from suitable settlement habitats 
(Sponaugle & Cowen 1996, Warner et al. 2000). In addition, the availability of high quality 
habitat in combination with demographic parameters can influence the local reproductive 
output and larval contribution of an individual subpopulation (Botsford et al. 1998, Wing et 
al. 1998). Particularly the availability and quality of food resources may have an effect on a 
population’s growth rate (Jones 1986, Anderson & Sabado 1995, Johnson et al. 2019). Such 
spatiotemporal structure of populations may determine regional larval quality and production 
(Yoneda & Wright 2004, Johnson 2007, Hsieh et al. 2010, Félix-Hackradt et al. 2013). In 
order to better understand population dynamics, particularly larval production and quality, 
and to improve species management, it is crucial to understand the degree to which 
demographic rates and larval production vary among spatially separated subpopulations 
(Botsford et al. 1998, Wing et al. 1998, Wing 2009). 
The quality and quantity of fish eggs and larvae may vary depending on maternal 
nutrition (Garrido et al. 2007, Perez & Fuiman 2015, Burns & Fuiman 2019). Maternal 
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females provide their offspring with essential nutrients obtained from their diet in the form of 
a nutrient rich yolk sac and oil globule (Tocher 2003, Berkeley et al. 2004a), providing a link 
between the nutritional environment experienced by the female and the fitness of the larvae. 
Yolks and oil globules contain essential fatty acids (FAs), which are important for energy, 
hormone synthesis and membrane structure in developing larvae (Sargent et al. 2002). Three 
FAs are particularly important for larval growth and development: docosahexaenoic acid 
(DHA, 22:6(n-3)), eicosapentaenoic acid (EPA, 20:5(n-3)), and arachidonic acid (ARA, 
20:4(n-6)) (Sargent et al. 1997). Depending on the environment and nutrition the maternal 
female experiences, the concentration and ratios of these FAs may vary among and within 
cohorts of larvae. This variability may impact growth, development, and stress resistance of 
cohorts of larvae. For example, increased concentrations of ARA and DHA in eggs and 
larvae have both been shown to increase visual performance and growth (Copeman et al. 
2002, Fuiman & Ojanguren 2011, Oberg & Fuiman 2015). 
In the present study two spatially distinct populations of sea perch (Helicolenus 
percoides, Sebastidae) were investigated, one from the inner regions of Fiordland on the west 
coast, and one from the Otago shelf along the east coast of New Zealand’s South Island (Fig. 
6.1). Sea perch inhabit a broad range of environments, including shallow coastal rocky reefs 
(<5 m depth), gravel fields, flat open seabeds, and deep ocean reefs extending to 1200 m 
depth (Paul & Horn 2009, Morrison et al. 2014b). There is little information on adult 
migration or movement patterns. However, small scale regional differences in colouration 
and growth suggest that sea perch adults are likely sedentary (Paul & Horn 2009, Lawton et 
al. 2010) and rely on larval dispersal to maintain population connectivity. The two 
subpopulations investigated in the present study show distinct differences in growth rates, 
morphology, and the contribution of alternate basal organic matter sources to their underlying 
food web (Kolodzey 2017). The Otago offshore environment is dominated by the north-
easterly flowing Southland Current (Chiswell & Rickard 2011). Due to the predominately 
south-westerly winds, the coast of New Zealand’s South Island is generally thought to be a 
down-welling system (Stevens et al. 2019) but can shift to upwelling at the shelf break during 
north-easterly winds. Contrarily, New Zealand’s inner Fiordland is characterised by an array 
of habitats across extreme gradients in physical conditions, such as salinity, topographic 
shading, and wave action which influence patterns in primary productivity (Stanton 1984, 
Goebel et al. 2005, Wing et al. 2007). The inner fjords are generally less productive habitats, 
where forest litter can dominate the organic matter pool, resulting in nutritional stress for 
some species (McLeod & Wing 2007, Wing et al. 2008).  
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The aim of the present study was to determine how quality and quantity of larvae 
differed between spatially separated subpopulations of sea perch from inner Fiordland and the 
Otago shelf. Importantly, the study did not identify “good” or “bad” habitats, but instead 
identified context-dependent adaptations of adults and their offspring to local conditions. FA 
analysis of female liver and gonad tissue and of their larvae were used to investigate 
differences in the nutrition of maternal sea perch linked to the characteristics of the 
nutritional landscape. The liver is an important organ in terms of lipid metabolism (Rodríguez 
et al. 2004), and the fatty acid composition of fish gonads is known to be directly influenced 
by diet (Rodríguez et al. 1998, Lewis et al. 2010). Information on fecundity, larval size at 
parturition, larval oil globule volume at parturition, and change in length of cohorts of larvae 
were compared between cohorts of larvae produced by females from the inner fjord and the 
Otago shelf subpopulations. The results of our study add to understanding the impacts of 
variable nutritional landscapes on the reproductive output and success in fish populations, 
highlighting the importance of spatially structured strategies for the sustainable management 
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6.2 MATERIAL AND METHODS 
6.2.1 Collection of sea perch 
Sea perch were sampled using hook and line fishing from Doubtful Sound in 
Fiordland, New Zealand, in December 2018 (n = 10), and from the Otago shelf, New 
Zealand, in November 2018 (n = 9) during the austral late-spring/early summer (Fig. 6.1). 
Only gravid sea perch, recognisable on the enlarged abdomen, were kept for larval 
experiments. Maternal females were transported to the Portobello Marine Laboratory, 
Dunedin, New Zealand, and kept alive until parturition occurred naturally. Each female was 
kept in an individual 70 L, constantly aerated seawater tank. The tanks were connected to the 
laboratory seawater circulation system, receiving seawater from the Otago Harbour. The 
temperature in the tanks was measured daily. In 2018, the water temperature ranged from 
15.7°C to 18°C during the time interval females extruded larvae. Females were not fed prior 
to parturition and humanely euthanized under the University of Otago ethics protocol AUP-
18-193 (2018) after parturition occurred naturally. Females were then stored in a -20°C 
freezer until further analysis of total length (TL) and wet weight (WW). Using weight and 
total length, a condition index (Fulton’s K) was calculated for each female: 










Figure 6.1. Map of (A) New Zealand with sample sites in (B) Doubtful Sound, Fiordland 






















After parturition occurred naturally, larvae were separated from the female, 
subsamples of a known quantity for the larval experiments were taken, and the remainder of 
larvae was preserved in 2% seawater buffered formalin (37% formaldehyde) for fecundity 
analysis. Using a Folsom plankton splitter, the larvae were separated into subsamples to 
estimate fecundity. Two subsamples were counted, the average was taken and multiplied by 
the division factor to estimate the absolute fecundity as the number of larvae a female 
produced. The number of larvae taken for larval experiments was added to the estimated 
fecundity. Body-weight-specific relative fecundity (#larvae g BW-1) was calculated by 
dividing absolute fecundity by maternal weight. 
 
6.2.3 Larval experiments and larval characteristics  
An initial sample of approximately 20 larvae was taken and preserved in 2% seawater 
buffered formalin (37% formaldehyde) for measurements of the notochord length and oil 
globule volume on the day of parturition. Approximately 500 larvae of each individual 
female were stocked in treatment tanks (8 L) for growth and survivorship experiments. A 
sample of 15 larvae was taken every second day and preserved in 2% seawater buffered 
formalin (37% formaldehyde). The notochord length (µm) and oil globule diameter (µm) 
were measured using photomicrographs taken under a compound microscope (Olympus 
BX51) fixed with a camera (Olympus XC50). The larvae received a diet of marine rotifers 
that were fed with a monoculture of marine phytoplankton (Nannochloropsis sp.) (Nano 
3600, Reed Mariculture Inc., California, USA). The rotifer density was monitored and 
adjusted every day to maintain the targeted food concentrations of 3 rotifers ml-1. Dead larvae 
were carefully removed from the bottom of the tank with a small suction tube. All larvae 
were reared in a controlled temperature room (CT room), kept at 15°C with a natural day-
and-night (12:12) cycle. The rearing tanks were not connected to the seawater system, 
therefore, 2.5 L of filtered seawater was exchanged manually every second day to ensure 
adequate oxygen saturation. The seawater that was used for the water exchange was kept in 
the CT room at ambient temperature. 
The rate of change in length (µm day-1) was estimated using a linear regression 
model: 
𝑦 = 𝑎 + 𝑏𝑥 (6.2) 
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where a is the constant, b is the rate of change in length, and x is the day of survival. It was 
assumed that the oil globule was a sphere, therefore the diameter (d) was used to calculate the 
oil globule volume (OGV) as:  
𝑂𝐺𝑉 =  
1
6
𝜋 × 𝑑3 (6.3) 
The OGV was log10 transformed to achieve normal distribution. The rate of change in size of 
the log10OGV was calculated using a first order decay kinetic model: 
𝑎𝑡 ∗ 𝑒
(−𝑘𝑡) + 𝑎0  (6.4) 
where at is the log10OGV at time t, -k is the rate of depletion of log10OGV over t, and a0 is the 
log10OGV at t = 0. 
 
6.2.4 Fatty acid analysis  
Lipids were extracted from tissue samples of the liver (0.6 g) and gonads (0.6 g), and 
larvae on the day of parturition (0.2 g) of maternal females from Fiordland (n = 10) and 
Otago (n = 9) following the method of Bligh and Dyer (1959). A known quantity of 
nonadecanoic acid (C19:0, Sigma-Aldrich) was added to each sample to provide an internal 
standard. The lipid fraction was treated with boron trifluoride in a methanol solution (Sigma-
Aldrich) and underwent esterification at 70°C for 20 minutes. The resulting FA methyl esters 
(FAMEs) were extracted by liquid-liquid extraction using hexane/water. The hexane layer 
containing the FAMEs was evaporated to dryness under a stream of N2 and reconstituted and 
stored in dichloromethane at -20°C. The FA composition was determined by gas 
chromatography on a 6850N Network GC System (Agilent Technologies) equipped with a 
flame ionization detector (GC-FID). FAs were separated on a HP-5 5% phenyl methyl 
siloxane column, 30m x 0.32 mm inner diameter x 0.5 μm film (Agilent Technologies), with 
helium as the carrier gas (purge flow of 6 mL min-1). The column oven temperature was held 
at 70°C for 1 min, then ramped up to 250°C at a rate of 5°C min-1 and then ramped to 320°C 
at a rate of 5°C min-1. FA peaks were identified by retention time matching with a range of 
known FAs previously measured using GC-MS. FAs were quantified with respect to the 
internal standard and expressed as the percentage of the measurable total FAs and the 
concentration of measurable FAs in μg per g dry weight (DW). 
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6.2.5 Statistical analysis 
Linear regression analyses were used to test for relationships between fecundity and 
larval notochord length and OGV. One-way analysis of variance (ANOVA) was used to test 
for differences in absolute and relative fecundity between females from Fiordland and the 
Otago shelf, and to test for differences in notochord length on the day of parturition and the 
rate of change in length of cohorts of larvae between Fiordland and Otago. Wilcoxon tests 
(equivalent to Man-Whitney U test) were used to test for differences in the log10OGV, and 
rate of change in size of the log10OGV between Fiordland and Otago as the data were not 
normally distributed. Concentrations, proportions, and ratios of FAs were compared between 
females and larvae from the inner Fiordland and the Otago shelf using one-way ANOVA or 
Wilcoxon tests, when normality could not be assumed. All statistical analyses were done 

























Females from the Otago shelf ranged from 8 to 28 years, 236 to 311 mm TL, and 270 
to 611 g WW. Females sampled in the inner Fiordland ranged from 14 to 28 years, 211 to 
297 mm TL, and from 161 to 586 g WW. There were no statistical differences in the age, TL, 
or WW between females from the Otago shelf and Fiordland subpopulations. The average (± 
S.E.) condition index (Fulton’s K) was 0.203 ± 0.004 for females from the Otago shelf, 
ranging from 0.177 to 0.215. Females from Fiordland had an average condition of 0.187 ± 
0.006, ranging from 0.164 to 0.224. There was no statistical difference in the condition 
between females from the Otago shelf and Fiordland subpopulations.  
 
6.3.1 Fecundity 
 Absolute fecundity ranged from 5240 to 10948 larvae for females from Fiordland and 
from 14255 to 31435 larvae for females from Otago shelf. There was a significant difference 
in the average absolute fecundity between the two groups (ANOVA: F1,17 = 44.99, p < 
0.0001) (Fig. 6.2A). Relative fecundity ranged from 15.46 to 61.44 larvae g BW-1 for females 
from Fiordland and from 40.33 to 60.78 larvae g BW-1 for the females from Otago shelf and 
was significantly higher for females from the Otago shelf (ANOVA: F1,17 = 16.59, p < 0.001) 
(Fig. 6.2B).  
 There was a significant trade-off between fecundity and the size of the larval oil 
globule, where more fecund females produced larvae with smaller oil globules (absolute 
fecundity: r2 = 0.25, p < 0.05; relative fecundity: r2 = 0.24, p < 0.05). There were no 








Figure 6.2. Average (± S.E.) (A) absolute (# larvae) and (B) relative fecundity (larvae g BW-
1) of sea perch from Fiordland (n = 10) (light grey) and Otago (n = 9) (dark grey). Letters 
above plots indicate statistical difference. Groups connected by the same letter are not 
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6.3.2 Larval characteristics 
 There was no significant difference in the notochord length between cohorts of larvae 
from females from Fiordland and the Otago shelf (ANOVA: F1,186 = 3.05, p = 0.0825) (Fig. 
6.3A). The log10OGV on the day of parturition was larger for larvae produced by females 
from Fiordland (Wilcoxon: W = 5604, p < 0.0001) (Fig. 6.3B). Larvae produced by females 
from Fiordland had a significantly faster rate of change in length than larvae produced by 
females from the Otago shelf (ANOVA: F1,17 = 13.29, p < 0.01) (Fig. 6.3C). The average rate 
of decrease of the oil globule of cohorts of larvae from females from the Otago shelf was 
significantly faster than the change in average size of the oil globule among cohorts of larvae 













Figure. 6.3. Boxplots of the (A) notochord length (mm) on the day of birth, (B) log10 oil 
globule volume (OGV) on the day of birth, (C) change in length over time (µm day-¹) in the 
fed treatment, and (D) the change in size of log10OGV of larvae from Fiordland (light grey) 
and Otago (dark grey). Whiskers represent minimum and maximum values; x represents the 
mean, horizontal line represents the median. Letters above plots indicate statistical difference. 
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6.3.3 Fatty acid analysis  
6.3.3.1 Fatty acid concentration in liver, gonadal and larval tissue 
The most prevalent FA in the maternal liver tissue was octadecenoic acid (C18:1) for 
females from both regions, Fiordland, and Otago (Table 6.1). The second most abundant FA 
in the liver tissue was hexadecanoic acid (C16:0) for females from Fiordland, and 
docosahexaenoic acid (C22:6, DHA) for females from the Otago shelf (Table 6.1). The third 
most abundant FA in the liver tissue for females from both regions was palmitoleic acid 
(C16:1) (Table 6.1). The proportion (ANOVA: F1,16 = 12.29, p < 0.01) and concentration 
(ANOVA: F1,16 = 6.07, p < 0.05) of polyunsaturated fatty acids (PUFAs) were significantly 
higher in the liver tissues of females from Otago than in the liver of females from Fiordland.  
 Similar to the FA composition in the liver, the most prevalent FA in the gonad tissue 
of females from Fiordland was octadecenoic acid (C18:1), which was the third most abundant 
FA in the gonad tissue of females from Otago (Table 6.1). For Otago females, hexadecanoic 
acid (C16:0) was the most abundant FA in the gonad tissue, which was the second most 
important FA in the gonad tissue of females from Fiordland (Table 6.1). The third most 
prevalent FA in the gonad tissue of females from Fiordland was DHA (C22:6), which was 
also the second most prevalent FA in the gonad tissue of Otago females (Table 6.1). The 
proportion of monounsaturated fatty acids (MUFAs) was higher in the gonad tissue of 
females from Fiordland (Wilcoxon: W = 51, p < 0.01), whereas the proportion of PUFAs in 
the gonad tissue was higher in females from Otago (ANOVA: F1,17 = 8.39, p < 0.05).  
 For larvae produced by females from Fiordland and Otago, the three most abundant 
FAs were DHA (C22:6), hexadecanoic acid (C16:0), and octadecenoic acid (C18:1) (Table 
6.1). There were no statistical differences in the proportions of saturated fatty acids (SFAs), 
monounsaturated fatty acids (MUFAs), and PUFAs in the larvae produced by females from 
Fiordland and Otago. The concentration of SFAs (ANOVA: F1,17 = 7.56, p < 0.05), MUFAs 
(Wilcoxon: W = 48, p < 0.05), PUFAs (ANOVA: F1,17 = 8.93, p < 0.01), and the total 
concentration of FAs (ANOVA: F1,17 = 6.95, p < 0.05) were significantly higher in larvae 
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Table 6.1. Average proportion (± S.E.) of total detectable FA composition by region and 
sampled tissue.  
FA Gonad Liver Larvae 
 Fiordland Otago Fiordland Otago Fiordland Otago 
C14:0 2.6 (0.15) 2.34 (0.28) 6.36 (0.56) 5.56 (0.39) 1.31 (0.19) 0.94 (0.16) 
C14:1 NA NA 0.08 (0.02) 0.06 (0.04) NA NA 
C15:0 0.41 (0.04) 0.83 (0.07) 0.41 (0.07) 1.43 (0.17) 0.21 (0.03) 0.64 (0.06) 
C15:1 0.19 (0.03) 0.09 (0.05) 0.06 (0.01) 0.04 (0.02) NA NA 
C16:0 25.21 (1.02) 23.57 (0.84) 17.79 (1.30) 12.76 (2.01) 24.73 (0.58) 22.98 (0.60) 
C16:1 6.74 (0.53) 5.08 (0.30) 15.75 (0.98) 12.80 (0.94) 3.41 (0.72) 3.23 (0.57) 
C17:0 0.93 (0.06) 1.16 (0.08) 0.82 (0.13) 1.24 (0.12) 0.61 (0.05) 1.08 (0.07) 
C17:1 0.47 (0.06) 0.96 (0.06) 1.07 (0.13) 2.18 (0.37) 0.45 (0.07) 0.89 (0.09) 
C18:0 8.21 (0.42) 6.72 (0.19) 4.80 (0.45) 6.67 (0.45) 8.98 (0.41) 9.15 (0.52) 
C18:1 23.86 (1.04) 19.03 (0.59) 26.09 (2.00) 20.47 (2.75) 20.63 (1.34) 17.63 (1.24) 
C18:2 1.39 (0.09) 2.11 (0.12) 1.44 (0.23) 0.93 (0.07) 1.78 (0.13) 1.06 (0.18) 
C20:0 0.08 (0.01) 0.11 (0.02) 0.07 (0.03) 0.05 (0.01) 0.16 (0.02) 0.18 (0.01) 
C20:1 0.68 (0.05) 0.98 (0.18) 0.69 (0.21) 1.07 (0.45) NA NA 
C20:2 0.39 (0.11) 0.26 (0.05) 0.84 (0.22) 0.39 (0.14) 0.55 (0.14) 0.18 (0.02) 
C20:3 0.34 (0.11) 0.58 (0.13) 0.21 (0.02) 0.14 (0.04) 1.09 (0.36) 0.69 (0.07) 
C20:4 
(ARA) 
6.47 (0.91) 3.50 (0.17) 4.16 (0.71) 2.29 (0.41) 6.31 (0.96) 3.58 (0.19) 
C20:5 
(EPA) 
8.92 (1.01) 13.36 (0.59) 8.27 (1.34) 11.28 (1.02) 6.43 (0.61) 7.85 (0.45) 
C22:2 NA NA 0.32 (0.13) 0.68 (0.12) NA NA 
C22:3 0.12 (0.002) 0.11 (0.01) 0.05 (0.01) 0.11 (0.03) NA NA 
C22:4 0.98 (0.28) 0.65 (0.07) 0.47 (0.07) 0.40 (0.10) NA NA 
C22:6 
(DHA) 
15.55 (1.07) 20.90 (1.11) 10.65 (1.49) 17.15 (1.61) 24.65 (2.89) 29.28 (2.06) 
ƩSFA 31.62 (3.33) 34.72 (0.99) 30.97 (1.46) 27.00 (1.39) 34.13 (0.95) 34.95 (0.92) 
ƩMUFA 33.84 (2.79) 25.23 (0.67) 42.18 (2.90) 36.33 (2.56) 24.49 (1.76) 21.75 (1.83) 
ƩPUFA 33.73 (1.82) 40.70 (1.53) 26.16 (2.77) 35.34 (2.85) 39.88 (2.21) 41.32 (1.87) 
Abbreviations:  
SFA = saturated fatty acids (C14:0, C15:0, C16:0, C17:0, C18:0, C20:0),  
MUFA = monounsaturated fatty acids (C14:1, C15:1, C16:1, C17:1, C18:1, C20:1),  
PUFA = polyunsaturated fatty acids (C18:2, C20:2, C20:3, C20:4, C20:5, C22:2, C22:3, C22:4, 
C22:6) 
 
Chapter 6   Spatial differences in reproductive output 
203 
 
6.3.3.2 Concentration and proportion of DHA, EPA, and ARA 
 In the liver tissue, the concentration (µg g DW-¹) of DHA was higher in females from 
Otago than in females from Fiordland (ANOVA: F1,16 = 22.89, p < 0.001). The concentration 
of DHA was significantly higher in larvae of females from Fiordland than in larvae of 
females from Otago (ANOVA: F1,17 = 7.79, p < 0.05). There was no statistical difference in 
the concentration of DHA in the gonadal tissue of females from Fiordland and Otago (Fig. 
6.4A). The concentration of EPA was significantly higher in the liver tissue of females from 
Otago than in the liver tissue of females from Fiordland (ANOVA: F1,16 = 11.33, p < 0.01). 
There was no difference in the concentration of EPA in the gonadal tissue of and in the larvae 
produced by females from Fiordland and the Otago shelf (Fig. 6.4B). The concentration of 
ARA was significantly higher in all tissue samples of females from Fiordland than in females 
from Otago (gonads: ANOVA: F1,17 = 4.89, p < 0.05; liver: Wilcoxon: W = 63, p < 0.05; 
larvae; Wilcoxon: W = 49 p < 0.001) (Fig. 6.4C).  
 The proportion of DHA was higher in gonadal and liver tissue samples of females 
from Otago than in tissue samples from females collected in Fiordland (gonads: ANOVA: 
F1,17 = 12.08, p < 0.01; liver: ANOVA: F1,17 = 8.78, p < 0.01). There was no difference in the 
proportion of DHA in larvae produced by females from Fiordland and Otago (Fig. 6.4D). The 
proportion of EPA was higher in gonadal tissue samples of females from Otago (ANOVA: 
F1,17 = 13.57, p < 0.01), there was no difference in the proportion of EPA in the liver tissue 
and larvae produced by females from Fiordland and Otago (Fig. 6.4E). The proportion of 
ARA was significantly higher in gonadal tissue and larvae of females from Fiordland than in 
the gonadal tissue and larvae of females from Otago (gonads: Wilcoxon: W = 54, p < 0.01; 
larvae; Wilcoxon: W = 58, p < 0.05), there was no difference in the proportion of ARA in the 










Figure 6.4. Average (± S.E.) of the concentration *103 (µg g DW-¹) of (A) DHA, (B) EPA and (C) ARA, and the proportion of (D) DHA, (E) 
EPA, (F) ARA for two different tissue samples from maternal sea perch after parturition and their larvae from Fiordland (n = 10) (light grey) and 
Otago (n = 9) (dark grey bars). Letters above bars indicate statistical differences. Pairs connected by the same letter are not statistically different 
from each other. 
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6.3.3.3 DHA/ARA/EPA ratios 
 The DHA/ARA and EPA/ARA ratios were significantly larger in the gonad tissue of 
Otago females than in the gonad tissue of Fiordland females (DHA/ARA: ANOVA: 
F1,17 = 40.93, p < 0.0001; EPA/ARA: ANOVA: F1,17 = 23.32, p < 0.001) (Fig. 6.5A & B). 
The DHA/ARA and EPA/ARA ratios were significantly higher in the liver tissue of females 
from Otago than in the tissue of females from Fiordland (DHA/ARA: ANOVA: F1,17 = 11.82, 
p < 0.01; EPA/ARA: Wilcoxon: W = 117, p < 0.05) (Fig. 6.5C & D). Larvae of females from 
Otago showed significantly higher DHA/ARA and EPA/ARA ratios than larvae of females 
from Fiordland (DHA/ARA: ANOVA: F1,17 = 11.78, p < 0.01; EPA/ARA: ANOVA: 
F1,17 = 5.89, p < 0.05) (Fig. 6.5E & F). There were no significant differences of the 
DHA/EPA ratio in the gonadal and liver tissue of and larvae produced by females from 
Fiordland and Otago.  
 
 




Figure 6.5. Box plot of the DHA/ARA and EPA/ARA ratios for (A, B) gonadal tissue, (C, D) 
liver tissue, and (E, F) larvae on the day of parturition of females from the inner Fiordland (n 
= 10) (light grey) and Otago (n = 9) (dark grey). Whiskers represent minimum and maximum 
values; x represents the mean, horizontal line represents the median. Box plot Letters above 
plots indicate statistical difference. Pairs connected by the same letter are not statistically 










 The results of the present study indicated that the nutritional landscape and 
reproductive output of sea perch populations from two spatially separated regions around the 
South Island of New Zealand differed significantly. Differences in the proportion of some 
key FAs that are used as dietary tracers in food webs were found, indicating that there were 
differences in the adult nutrition between the populations of sea perch from the inner 
Fiordland and the Otago shelf subpopulations. The FAs C18:1, C16:1, And C15:1 were 
higher among females from the inner Fiordland, likely indicating the input of recycled 
organic matter via chemoautotrophic bacteria (Conway & Mc Dowell Capuzzo 1991, 
MacAvoy et al. 2002, Dalsgaard et al. 2003, McLeod & Wing 2007). A large input of 
recycled organic matter via chemoautotrophic bacteria into the food web of sea perch from 
inner Fiordland has previously been described based on stable isotopic analysis (Lawton et al. 
2010) and is a common pattern among fishes in the inner Fiordland due to limited algal and 
phytoplankton input into the system (McLeod & Wing 2007, Rodgers & Wing 2008, Beer & 
Wing 2013). In contrast, the high proportion of C22:6 in tissue of sea perch from the Otago 
shelf likely demonstrated a high proportion of pelagic dinoflagellates in their diet (Kelly & 
Scheibling 2012). Maternal nutrition can have direct impacts on the quality and viability of 
their larvae (Garrido et al. 2007, Perez & Fuiman 2015, Burns & Fuiman 2019), as females 
provision their larvae with essential nutrients obtained from their diet. 
Absolute and relative fecundity were both significantly higher among females from 
the Otago shelf. It has been shown that fecundity in fish increases with increased lipid content 
in females (Marshall et al. 1999, Izquierdo et al. 2001), however, there was no difference in 
the concentration of total FAs between females from the Otago shelf and females from 
Fiordland. The observed differences in fecundity were likely a result of differences in growth 
and average total length between the Fiordland and Otago populations. The Otago 
subpopulation has been shown to grow to significantly greater lengths and heavier weights 
than the Fiordland subpopulation (Kolodzey 2017). As fecundity increases geometrically 
with length, females from the Otago shelf would therefore be able to carry a larger number of 
eggs and developing larvae. The results of the present study demonstrated a trade-off between 
fecundity and the oil globule volume of larvae, indicating that investing into a large number 
of larvae may come at the cost of energy with which individual larvae were provisioned. The 
oil globule is an important factor determining growth and survival of cohorts of larvae prior 
to the onset of feeding (Berkeley et al. 2004a). 
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Cohorts of larvae produced by females from Fiordland were born with larger oil 
globules than larvae produced by females from the Otago shelf subpopulation. Change in 
length of cohorts of larvae was also significantly faster for larvae from Fiordland than for 
larvae produced by females from the Otago shelf. Cohorts of larvae with larger oil globules 
have been shown to grow faster (Berkeley et al. 2004a, Fisher et al. 2007). Due to 
topographic shading and a well-defined low salinity surface layer, light and primary 
production are limited in Fiordland (Stanton 1984, Goebel et al. 2005, Wing et al. 2007). 
Phyto- and zooplankton blooms are seasonal, and prey abundance may be patchy (Goebel et 
al. 2005). The observed larger oil globule and faster rate of change in length would be 
favourable for larvae in Fiordland, due to increased swimming abilities, prey detection and 
capture capabilities, and increased resilience to starvation associated with faster growth and 
larger energy reserves (Cowan et al. 1996, Fuiman & Cowan 2003, Berkeley et al. 2004a, 
China & Holzman 2014, Garrido et al. 2015). However, it may not only be the size of the oil 
globule that influences growth and survival. Differences in the composition of the FAs may 
also determine larval viability (Mazorra et al. 2003, Luo et al. 2015). 
Significant differences in the concentrations and proportions of essential FAs between 
larvae produced by females from Fiordland and those produced by females from the Otago 
shelf were observed. Maternal females in the present study were not fed while in captivity 
and their diet prior to sampling was likely the primary source of FAs for larvae on their day 
of parturition. Little is known about how the feeding regime of the mother influences egg and 
larval FA composition of wild fish. However, studies on farmed fish have shown that 
maternal diet affects the FA composition of eggs and that, in turn, impacts larval quality and 
reproductive success (Bell et al. 1997, Izquierdo et al. 2001, Salze et al. 2005). The 
concentrations of the PUFAs DHA, EPA, and ARA are particularly essential for larval 
growth, development, and subsequent recruitment (Copeman et al. 2002, Henrotte et al. 
2010). 
The concentrations of ARA and DHA on the day of parturition were significantly 
higher among larvae produced by females from Fiordland. Increased concentrations of ARA 
in larvae produced by females from Fiordland may have been an adaptation to high 
freshwater inputs and a well-defined low salinity freshwater layer in the inner Fiordland. 
Recent studies have demonstrated the importance of ARA for larval hyper-salinity stress 
tolerance and hypo-osmoregulatory abilities (Koven et al. 2001, Bell & Sargent 2003, Carrier 
et al. 2011). In addition, the EPA/ARA ratio was lower for cohorts of larvae produced by 
females from Fiordland. Appropriate ratios of PUFAs were found to be important for neural, 
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physiological and reproductive functioning (Mazorra et al. 2003, Salze et al. 2005, Henrotte 
et al. 2010, Liang et al. 2014), and a lower EPA/ARA ratio was associated with higher larval 
survival during osmotic stress (Henrotte et al. 2010). If a lower EPA/ARA ratio increases 
larval survival during osmotic stress, then this would be favourable for cohorts of larvae of 
females from Fiordland due to the high freshwater inputs into the inner fjordic environment.  
Cohorts of larvae produced by females from Fiordland had significantly faster rates of 
change in length over time and slower rates of change in size of the oil globule compared to 
cohorts of larvae produced by females from the Otago shelf. DHA is essential for growth and 
visual development of larvae (Ishizaki et al. 2001, Copeman et al. 2002, Bell & Sargent 
2003). The increased concentrations of ARA and DHA among cohorts of larvae produced by 
females from Fiordland may be an indication for improved visual performances (Fuiman & 
Ojanguren 2011, Oberg & Fuiman 2015) and visual adaptations specific to sea perch in this 
area. Increased visual abilities may be necessary to detect prey items in this low-productivity, 
low-light environment. The observed slower change in the average size of the oil globule and 
faster growth may be the result of better prey detection capabilities, due to increased visual 
abilities among cohorts of larvae produced by females from Fiordland. With the increased use 
of externally available energy, the use of the oil globule can be delayed (Moodie et al. 1989). 
Altogether, the results of the present study demonstrated significant differences in the 
reproductive output between two subpopulations of sea perch from Fiordland and the Otago 
shelf. Cohorts of larvae produced by females from Fiordland had a larger oil globule, a faster 
rate of change in length, and a slower change in the average size of the oil globule than 
cohorts of larvae produced by females from the Otago shelf. Differences in the FA 
composition indicated that maternal contribution to the lipids in their larvae varied between 
the two habitats. The inner Fiordland is an extreme environment where light is limited, 
salinity can change rapidly, and adequate larval food supply is highly heterogenous. Higher 
concentrations of DHA and ARA, and a lower EPA/ARA ratio indicated that larvae in 
Fiordland may have developed specific adaptations to be able to succeed when faced with 
these environmental challenges. Our results highlighted the important links between the 
environment, maternal diet, and larval performance. It is likely that maternally-derived FAs 
play an important role in the development and fitness of larval sea perch. The results of the 
present study contribute to our understanding of differences in the reproductive potential 
between spatially separated fish populations and highlight the importance of effective spatial 
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7.1 STUDY RATIONALE 
A fundamental requirement for ecosystem-based management is to understand the 
links between the environment and the organisms thriving within it. The primary motivation 
for the present work was to gain a better understanding of the effect that spatial differences in 
habitat quality have on marine fish populations. I particularly sought to understand how 
population demographics and reproductive output vary among distinct subpopulations 
distributed across seascapes. I focussed on two species of marine fish, blue cod (Parapercis 
colias) and sea perch (Helicolenus percoides) to answer questions about differences in 
population demographics and reproductive output. Blue cod are one of New Zealand's iconic 
fish species, valued by commercial as well as recreational fishers. Despite this status, little 
information on the population structure and biology of this species is available. I used 
demographic parameters, stable isotope data, and otolith trace element data to investigate the 
population structure, food web dynamics, and movement patterns of blue cod at the top of the 
South Island of New Zealand. In this area, blue cod and the ecosystem have been exposed to 
intensive harvesting pressure as well as land-based stressors that influence and modify habitat 
and food web structure. To investigate intra- and inter-population differences in the 
reproductive output, sea perch were a valuable model species, due to their viviparous 
reproductive strategy. Similar to blue cod, there is a lack of available information on 
population structure, demographics, and reproductive biology of sea perch. Even though not a 
target fishery species in New Zealand, sea perch are included in the quota management 
system, due to high bycatch rates. I used measurements of larval fitness, such as the size of 
the oil globule, growth, and mortality rates, to compare cohorts of larvae among females of 
different age and length from the same population. I used fatty acid biomarkers as proxies for 
maternal nutrition and larval quality and compared the likely effects of the environment and 
differences in food web structure on the reproductive output of sea perch subpopulations 
from the Otago shelf and the inner Fiordland. 
 
7.2 SUMMARY OF FINDINGS 
 In Chapters 2, 3 and 4, I investigated the demographic structure, trophic ecology, and 
movement patterns of blue cod subpopulations in the Marlborough Sounds and Tasman Bay. 
Length-frequency distributions were truncated towards a larger proportion of smaller 
individuals in the inner and outer Tasman Bay, compared to the outer Marlborough Sounds 
and D'Urville Island, where blue cod subpopulation had individuals of most length classes. 
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The von Bertalanffy growth constant (k) was also significantly smaller among subpopulations 
from the inner Marlborough Sounds and the inner and outer Tasman Bay than among 
subpopulation from the outer Marlborough Sounds and D'Urville Island. The sex ratio, which 
in blue cod is thought to be female-dominated in unfished populations, was skewed towards 
males among subpopulations from the inner and outer Marlborough Sounds, and the inner 
and outer Tasman Bay. The D'Urville Island subpopulation was the only population 
dominated by females. Sex change, from female to male, occurred at extremely small lengths, 
consistent with the idea that sex change was under social control. The removal of large males 
likely stimulated sex change in smaller females, resulting in a large proportion of small males 
among the subpopulations. Consequentially, the estimated population batch fecundity was 
extremely low among subpopulations from the inner and outer Marlborough Sounds and the 
inner and outer Tasman Bay, but higher in the subpopulation from D'Urville Island, due to 
the higher proportion of females. The sex ratio, length-at-sex-change, and the estimated 
population batch fecundity were compared between blue cod populations from the 
Marlborough Sounds and Fiordland. The Fiordland population had a higher proportion of 
larger females, and the estimated population fecundity was higher, compared to the 
proportion of females and the population fecundity of the blue cod population in the 
Marlborough Sounds. The length-at-sex-change was more than double the length-at-sex-
change among females in Fiordland than in females from the Marlborough Sounds. I 
attributed the observed differences in population structure to differences in fishing pressure 
among the sampled regions. While D'Urville Island is relatively difficult to reach for 
recreational fishing purposes, the Tasman Bay subpopulations have been exposed to 
continually high recreational as well as commercial fishing pressure. As a result, local 
fisheries have been repeatedly closed in this region. Similarly, fishing pressure was high 
within the inner and outer Marlborough Sound regions but decreased over the last decade. 
Additionally, some marine protected areas were implemented within the Sounds. The 
Fiordland population was relatively unfished and protected by no-take and network of marine 
protected areas. It has to be noted that, while differences in fishing pressure will have an 
effect on the life-history and demographic parameters of the sampled populations, there may 
also be environmental (e.g. temperature, habitat) and evolutionary drivers shaping these 
populations.   
There were significant differences in diet among subpopulations of blue cod from the 
five sampled regions. Even though blue cod subpopulations fed on a similar variety of prey, 
the proportions of occurrence of dietary groups varied significantly and the diets of blue cod 
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from each subpopulation were dominated by different prey. Stable isotopic analysis of δ13C 
and δ15N demonstrated that basal carbon sources varied among the subpopulations. Blue cod 
from the inner and outer Marlborough were supported by a wide range of alternative basal 
organic matter sources, showed a broad range of trophic levels, and had large trophic niches, 
compared to blue cod subpopulations from the inner and outer Tasman Bay. Here the range 
of δ13C values was small, trophic levels relatively low, and the majority of individual blue 
cod relied on similar basal organic matter sources, with small trophic niches. The observed 
patterns among the Tasman Bay subpopulations were likely related to the loss of biogenic 
reefs and the associated diverse benthic fauna due to bottom fishing methods, which reduced 
the number of available prey species for blue cod.  
Differences in the elemental signatures of otolith cores indicated that there were likely 
two distinct larval source pools supporting one of each of the Tasman Bay and the 
Marlborough Sound subpopulations. Within the Marlborough Sounds, blue cod from the 
inner and outer regions likely shared the same larval origin. The outer region inhabited a 
large number of long-term residents, with some movement into the inner Sounds, based on 
similarities of the otolith elemental signatures. The results indicated a source-sink-dynamic 
between the inner and outer Marlborough Sounds subpopulations, where the inner 
subpopulation (sink) received larvae and adults from the outer subpopulation (source). Due to 
similarities in the environmental parameters affecting the Tasman Bay region and D'Urville 
Island, connectivity patterns were less apparent among these regions. The otolith elemental 
signatures of the otolith cores of blue cod from the outer Tasman Bay and D'Urville Island 
were similar. Therefore, it was unclear whether the subpopulations among the regions shared 
the same larval source, or if the adults and larvae were affected by similar physico-chemical 
parameters, or both.  
 In Chapters 5 and 6, I investigated the reproductive biology of sea perch, aiming to 
gain insight into differences in larval quality and fitness within a population and between 
distinct subpopulations. I related maternal age, length, and weight of females from the Otago 
shelf to fecundity, larval notochord length and oil globule volume, and larval viability (use of 
oil globule, growth, and mortality). I used two different food concentrations to compare larval 
viability between fed and unfed treatments. Older, larger females were proportionally more 
fecund than younger, smaller females. Larval oil globule volume was larger among cohorts 
produced by older, larger females. In the fed treatment, cohorts with larger oil globules 
displayed faster growth and survived longer than cohorts of larvae with smaller oil globules 
produced by younger, smaller females. The size of the oil globule did not influence larval 
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growth and survival in the unfed treatment. These results highlighted the importance of older, 
larger females within a population, to ensure larval survival and subsequent recruitment 
success.  
To elucidate differences in larval quality among subpopulations, I compared 
notochord length and oil globule volume on the day of parturition and viability between 
cohorts of larvae produced by females from the Otago shelf and Fiordland. I used fatty acid 
biomarkers as proxies for maternal nutrition and larval quality. Cohorts of larvae produced by 
females from Otago had smaller oil globules on the day of parturition than cohorts of larvae 
produced by females from Fiordland. Larval growth was faster and the decline in the size of 
the oil globule slower among cohorts of larvae produced by females from Fiordland than 
among cohorts of larvae produced by females from the Otago shelf. Concentrations of DHA 
and ARA were higher, and the EPA/ARA ratio was lower among cohorts of larvae produced 
by females from Fiordland, which indicated specific visual and osmoregulatory adaptations, 
necessary to survive in the low-light, low productivity environment of the inner Fiordland. 
These results demonstrated that larvae, through maternal provision, had specific adaptions to 
the environment experienced by their mother. 
 
7.3 MANAGEMENT IMPLICATIONS 
7.3.1 Population structure 
  I demonstrated that older, larger females of sea perch produced more viable larvae 
than younger, smaller females did. Even though blue cod and sea perch are different species 
with different reproductive strategies, older, larger females possibly produced more viable 
larvae in both species, as it has been shown for a broad range of marine and freshwater 
species (Hixon et al. 2014). The value of older, larger females within a population is 
indisputable, and, therefore, an old-growth age structure must be conserved. The conservation 
of large individuals seems to be particularly important for blue cod, a protogynous 
hermaphrodite. The largest individuals within relatively unfished populations of blue cod are 
thought to be males. The presence of these large males is thought to inhibit sex change in 
females, allowing them to grow and age. Results of my research indicated that the removal of 
large males in the Marlborough Sounds and Tasman Bay resulted in the occurrence of sex 
change among small females, resulting in large proportions of small males with cascading 
adverse effects on the population reproductive output. Marine protected areas would offer 
refuge for older, larger individuals where they could survive and contribute to the 
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reproductive output of the population (Berkeley et al. 2004b, Jack & Wing 2010, 2013). 
Alternatively, in areas where marine reserves are not an option, slot size limits, protecting 
individuals smaller and larger than the slot limits, could replace a minimum landing size. 
 
7.3.2 Source-sink population dynamics 
The results of the present study demonstrated that blue cod within the Marlborough 
Sounds and Tasman Bay are spatially structured at the mesoscale of 10-100km. In addition to 
distinct demographic parameters, otolith trace element analysis indicated that mixing was 
relatively limited, and that adult blue cod show high site fidelity, particularly in the outer 
Marlborough Sounds. Sustaining spatial structure, the network of multiple subpopulations, is 
beneficial as it increases population persistence and stability against local depletion or 
extinction in one subpopulation (Kritzer & Liu 2013). Anthropogenic stressors or natural 
environmental variability can increase mortality, decrease growth or reproductive success, or 
both, which can be buffered against through the exchange of adults with other subpopulations 
(Kritzer & Liu 2013).  
Otolith elemental signatures indicated a source-sink dynamic between blue cod from 
the outer and inner Marlborough Sounds, where the inner Marlborough subpopulation (sink) 
was supported with larval and adult blue cod from the outer Marlborough Sounds (source). 
Even though blue cod of a broader range of length classes and ages were present in the outer 
Marlborough Sound subpopulation, analysis of the sex ratio demonstrated that the inner and 
outer Marlborough Sounds subpopulations were male-dominated, likely a result of 
overexploitation, leading to skewed size and sex ratios, and a reduction in population 
fecundity. Importantly, sex change, from female to male, likely occurred at smaller lengths, 
further reducing the number of viable eggs and larvae within both populations. If the number 
of high-quality spawners, i.e. older, larger females, would decrease any further, a further 
increase in reproductive and recruitment variability would be likely. Networks of marine 
protected areas within Fiordland have proven to be a successful tool to increase the 
abundance of mature, fecund populations of blue cod (Jack & Wing 2013, Wing & Jack 
2014). Management strategies for blue cod in the Marlborough Sounds include a small 
number of marine reserves and a fishing closure from September to December every year. To 
ensure the persistence of the populations, further strategically placed marine protected areas, 
aiming to conserve the network of source-sink populations within the outer and inner 
Marlborough Sounds are needed.  
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7.3.3 Trophic interactions 
 There were distinct differences in the trophic ecology of blue cod subpopulations 
from the Marlborough Sounds and Tasman Bay. Habitat degradation has resulted in a less 
diverse benthic environment, reducing the prey spectrum of blue cod. The loss of food web 
complexity may decrease population stability, resistance, and resilience to anthropogenic or 
natural disturbances. Additionally, a lower nutritional value of the diet has the potential to 
reduce the individual growth rate, which in turn, can result in a decrease in the population egg 
production, as smaller individuals carry fewer eggs or larvae than larger individuals. The 
results of my research also demonstrated that maternal nutrition affected not only maternal 
growth and condition but also the growth and viability of their offspring. Fatty acid 
biomarkers inferred that nutritional differences between sea perch from the Otago shelf and 
Fiordland resulted in differences in larval oil globule volume, larval growth, and larval fatty 
acid profiles. Therefore, the loss of certain prey items or dietary groups may not only affect 
adults directly but also egg production and larval viability. Fisheries management, while 
aiming to conserve the target species, should also focus on preserving the preferred habitat 
and complex trophic structure of the targeted species. Wing & Jack (2013) demonstrated that 
through the establishment of marine reserves in Fiordland, fish communities stabilised, and 
complex food webs were maintained, as biodiversity was conserved. In the case of Tasman 
Bay, where the habitat has been severely disturbed by extensive dredging and trawling, the 
placement of marine protected areas and no-take reserves may aid the recovery of the seabed 
as well as blue cod (Urlich & Handley 2020). In Foveaux Strait, where oysters have been 
harvested for over 130 years, only some, if any, undisturbed seafloor remained (Carbines & 
Cole 2009). However, some areas that were closed to oyster fishing during Bonamia sp. 
infections showed signs of habitat regeneration and increased blue cod abundance, 
highlighting the link between suitable habitat and the abundance of blue cod (Cranfield et al. 
2001). 
 
7.4 FUTURE RESEARCH 
 Future research should further focus on the movement rates and patterns, reproductive 
biology, and population structure of blue cod and sea perch around New Zealand to help 
inform and aid the effective implementation of ecosystem-based fisheries management. 
Resolution of the spatial structure of populations and connectivity of subpopulations within 
population networks is vital to effective management in fish populations.  
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7.4.1 Population structure and connectivity 
 Future research should continue to resolve the population structure of blue cod and 
sea perch along the coastlines of New Zealand to increase our understanding of movement 
patterns and connectivity. Based on the results of my research, demonstrating that otolith 
trace element signatures could be used to identify subpopulations within the Marlborough 
Sounds, otolith microchemistry has been a useful tool to identify subpopulation structure and 
to indicate population connectivity. Questions remain, however, concerning the connectivity 
and larval origin of subpopulations within Tasman Bay. Differences in growth rates and 
demographic parameters suggested little mixing among the Tasman Bay subpopulations. The 
continued use of natural tags, such as otolith microchemistry, stable isotopes, or genetic 
markers, could be helpful to resolve the adult movement and larval origin in this area. 
Relocation experiments of sessile organisms, such as shellfish, could help to resolve 
environmental differences/similarities in the trace elemental signatures between the inner and 
outer Tasman Bay and the west side of D'Urville Island.  
Increased scientific effort should also be focussed on other areas where blue cod is 
highly sought after such as the east coast of Otago and Southland. There are many 
unanswered questions on the movement of blue cod along the coast, population structure and 
boundaries are also relatively unresolved, and there is little information on the connectivity 
between on-and offshore populations or spawning migrations and behaviour of blue cod 
along the coast of the South Island. All of which would be valuable information to 
sustainably manage this iconic species.  
There are currently no stock assessments aimed to assess the stock boundaries, 
sustainability, and biomass of sea perch in New Zealand. Sea perch are currently not a 
targeted fishery in New Zealand, however, its value as a food fish is increasingly recognised 
among recreational fishers and, with the decline of current target species, it is likely that sea 
perch will be targeted in New Zealand in the future, as they are in Australia. Small scale 
assessments of the population structure and connectivity could be valuable for future 
management decisions.  
 To experimentally test some of the findings and hypothesis of my research in the 
future, one could compare populations from non-fished locations such as marine reserves to 
populations from nearby fished areas. This approach has been previously used in some reef 
fish populations, however rarely on temperate reef or kelp forest fish. One could include fish 
counts for fish density and biomass estimations, length frequency distribution and analysis of 
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the reproductive potential of populations among fished and unfished sites, and habitat surveys 
(e.g. turf algal and kelp species composition, abundance and density, and topography). Stable 
isotope and fatty acid analysis could be used to analyse differences in trophic ecology.  
 
7.4.2 Reproductive biology 
The reproductive biology of blue cod remains largely unknown. There is no 
information on whether spawning happens inshore or offshore, whether blue cod spawn 
within the harem group or if there are larger spawning events. It would also be important to 
resolve the duration of the pelagic egg and larval phases. Particularly in the Marlborough 
Sounds, understanding the distribution patterns of eggs and larvae would further our 
understanding of the connectivity between the inner and outer Sound subpopulations. There 
have been a small number of investigations regarding maternal investment in blue cod, 
however, sample sizes have been small. Understanding whether older, larger females produce 
more viable eggs and larvae than younger, smaller females would be precious information in 
the context of sustainable management of this protogynous species. 
The results of my research provided evidence for age and size related differences in 
maternal investment in sea perch. However, there are remaining questions in terms of their 
reproductive biology, particularly of the highly structured populations in Fiordland; does 
larval quality vary between the inner and outer Fiordland? How reproductively isolated is the 
inner fjord subpopulation? Do larvae from the outer fjord subpopulations support the inner 
fjord subpopulations? Do larvae from the outer Fiordland show similar or different 
environmental adaptations, i.e. do the fatty acid profiles of inner and outer fjord 
subpopulations vary? Research that I conducted for my Master’s degree demonstrated that the 
demographics of subpopulations of sea perch from the Otago shelf and the inner and outer 
Fiordland varied significantly (Kolodzey 2017). My PhD research demonstrated that there are 
differences in maternal investment and larval quality between subpopulations from the Otago 
shelf and the inner Fiordland, which raises the interesting question whether the observed 
differences are extrinsic or intrinsic (genetic). 
 
7.4.3 Habitat and trophic interactions 
 My research has demonstrated that blue cod and sea perch showed specific trophic 
and physiological adaptations to the habitat and environment they occupied. To implement 
effective ecosystem-based fisheries management strategies it is crucial to understand the links 
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between habitat and organisms, and how habitat degradation, climate change, changes in prey 
abundance, or pollution affect fish populations and individuals. There is evidence that 
differences in nutrition can result in differences in individual growth. To answer questions 
about whether prey choice is random or whether fish chose the most energetically valuable 
prey, one could use long-term laboratory-based experiments for both blue cod and sea perch. 
I have demonstrated that cohorts of larvae produced by females from different regions have 
different physiological adaptations and growth rates. It would be interesting to know how 
these spatial differences prepare cohorts of larvae to cope under the, by climate change 
models, predicted changes in temperature, pH, and salinity.  
 
7.5 CONCLUDING REMARKS 
 My research has expanded our understanding of the population structure, 
connectivity, and trophic interactions of blue cod in the Marlborough Sounds and Tasman 
Bay. Differences in length-frequency distributions, individual growth rates, and sex ratios 
indicated that there was little mixing between blue cod subpopulations. Sex change at small 
lengths and length distribution truncated towards a larger proportion of smaller individuals 
provided evidence for the overexploitation of blue cod within the Marlborough Sounds and 
Tasman Bay. Due to sex ratios skewed towards males, the estimated population fecundity 
was alarmingly low among four of the five sampled regions. Otolith trace element analysis 
further indicated that the proportion of mixing among the sampled populations was limited. 
Blue cod from the outer Marlborough Sounds likely provided a source of adults and larvae 
for the inner Marlborough Sounds ‘sink’ population. Stable isotope and stomach content 
analysis indicated that the trophic niches of blue cod within Tasman Bay were significantly 
smaller than those of blue cod within the Marlborough Sounds. Blue cod within Tasman Bay 
had a limited source of basal organic matter, compared to blue cod within the Marlborough 
Sounds that used a range of alternative organic matter sources, indicating a high degree of 
individual specialisation.  
Prior to my research, anecdotal observations on fecundity were the only available 
information regarding the reproduction of sea perch in New Zealand. There was no 
information on maternal investment or differences in larval viability in cohorts of larvae 
produced by females from distinct subpopulations. I found that older, larger female sea perch 
produced cohorts of larvae with larger oil globules, which in turn had faster growth, which is 
associated with higher survival rates. The results of my study highlighted the importance of 
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conserving an old-growth age structure within a population to ensure higher larval survival 
and recruitment probabilities. I also demonstrated that maternal nutrition affected the viability 
of their larvae. Cohorts of larvae produced by females from Fiordland had faster growth and 
also, as inferred by fatty acid biomarkers, unique adaptations to survive in a low-light, low 
productivity environment. 
 Marine and fisheries management should seek to provide carefully placed long-term 
areal closures to simultaneously protect population structure, trophic interactions, and critical 
habitat. Otolith trace element analysis, stable isotope analysis, and the use of fatty acid 
biomarkers were powerful tools to achieve a high-resolution understanding of patterns among 
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Figure A 1.1. Age-frequency (number of fish) distribution of blue cod populations from the 
inner Marlborough Sounds (A), outer Marlborough Sounds (B), inner Tasman Bay (C), outer 












Figure A 1.2. Age-based estimates of annual mortality rates from log-linear regressions of 
age frequency data for age blue cod populations from the inner Marlborough Sounds (A), 
outer Marlborough Sounds (B), inner Tasman Bay (C), outer Tasman Bay (D), and D’Urville 
Island (E). Blue cod younger than the peak (white circles) were excluded from the log-linear 
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Appendix 2: Supporting table for Chapter 3 
 
Table A2.1 Stable isotopic values of δ13C and δ15N for each sampled macroalgae species in 
each of the sampled regions. For mixing models in Chapter 3, δ13C and δ15N values were 
averaged for each region.  
Region Species δ13C δ15N 
Inner Marlborough Sounds Carpophyllum flexuosom 7.31 -13.44 
Inner Marlborough Sounds Carpophyllum flexuosom 6.74 -15.59 
Inner Marlborough Sounds Carpophyllum flexuosom 6.30 -19.31 
Inner Marlborough Sounds Carpophyllum flexuosom 6.76 -13.83 
Inner Marlborough Sounds Carpophyllum flexuosom 6.43 -13.79 
Inner Marlborough Sounds Carpophyllum flexuosom 6.37 -15.49 
Inner Marlborough Sounds Carpophyllum flexuosom 6.38 -15.07 
Inner Marlborough Sounds Macrocystis pyrifera 7.20 -17.93 
Inner Marlborough Sounds Macrocystis pyrifera 7.22 -13.25 
Inner Marlborough Sounds Macrocystis pyrifera 7.27 -17.84 
Inner Marlborough Sounds Macrocystis pyrifera 8.02 -17.11 
Inner Marlborough Sounds Macrocystis pyrifera 7.95 -16.99 
Inner Marlborough Sounds Undaria pinnatifida 8.71 -15.43 
Inner Marlborough Sounds Undaria pinnatifida 8.55 -15.40 
Inner Marlborough Sounds Undaria pinnatifida 6.90 -19.26 
Inner Marlborough Sounds Undaria pinnatifida 6.44 -19.33 
Inner Marlborough Sounds Undaria pinnatifida 7.00 -19.85 
Inner Marlborough Sounds Undaria pinnatifida 4.10 -22.97 
Outer Marlborough Sounds Carpophyllum flexuosom 5.79 -13.27 
Outer Marlborough Sounds Carpophyllum flexuosom 5.64 -19.84 
Outer Marlborough Sounds Carpophyllum flexuosom 4.85 -19.67 
Outer Marlborough Sounds Carpophyllum flexuosom 5.06 -19.19 
Outer Marlborough Sounds Carpophyllum flexuosom 6.69 -15.77 
Outer Marlborough Sounds Carpophyllum flexuosom 5.62 -15.74 
Outer Marlborough Sounds Carpophyllum maschalocarpum 6.21 -15.63 
Outer Marlborough Sounds Eklonia radiata 7.50 -15.57 
Outer Marlborough Sounds Eklonia radiata 6.72 -15.81 
D’Urville Island Carpophyllum maschalocarpum 7.71 -15.23 
D’Urville Island Carpophyllum maschalocarpum 8.20 -14.56 
D’Urville Island Eklonia radiata 6.50 -19.70 
D’Urville Island Eklonia radiata 7.31 -19.65 
D’Urville Island Ulva spp. 8.58 -18.58 
D’Urville Island Ulva spp. 8.06 -19.34 
Inner Tasman Bay Carpophyllum flexuosom 6.80 -17.46 
Inner Tasman Bay Carpophyllum flexuosom - -17.93 
Inner Tasman Bay Carpophyllum maschalocarpum 6.87 -17.20 
Inner Tasman Bay Carpophyllum maschalocarpum 7.25 -15.30 
Inner Tasman Bay Cystophora torulosa - -15.88 
Inner Tasman Bay Cystophora torulosa 8.14 -16.53 
Inner Tasman Bay Papenfussiella lutea 6.42 -14.60 
Outer Tasman Bay Carpophyllum flexuosom 8.25 -17.32 
Outer Tasman Bay Carpophyllum flexuosom 7.34 -16.95 
Outer Tasman Bay Carpophyllum maschalocarpum 6.79 -18.72 
Outer Tasman Bay Carpophyllum maschalocarpum 6.33 -18.82 
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 Appendix 3: Supporting tables for Chapter 4 
 
Table A3.1 Details of machine precision estimates (relative standard deviation) for each trace 
element in (a) MACS-3 and (b) NIST SRM 612 reference materials are given. Recommended 
values for MACS-3 are based on a United States Geological Survey bulk analysis. 
Recommended values for NIST SRM 612 are the preferred averages and standard deviations 
from concentration data compiled from published works (Pearce et al. 1997). Concentration 
data for reference materials are in mg kg-1. 
(a) 
Element MACS-3 (mg kg-1 ± 2 S.D.) MACS-3 recommended 
values (mg kg-1 ± 1 S.D.) 
Lithium 67.0 ± 1.9 62.2 ± 4.2 
Boron 28.8 ± 4.1 n/a 
Magnesium 1780.6 ± 45.6 1756 ± 136 
Phosphorus 101.6 ± 11.8 n/a 
Manganese 582.9 ± 14.0 536 ± 28 
Iron 12422.9 ± 349.4 n/a 
Copper 124.8 ± 3.1 120 ± 5 
Zinc 79.1 ± 3.2 111 ± 5.7 
Strontium 6902.6 ± 168.0 6760 ± 350 
Tin 56.6 ± 1.5 n/a 
Barium 60.1 ± 1.5 58.7 ± 2.0 













Element NIST SRM 612 (mg kg-1 ± 2 
S.D.) 
NIST SRM 612 
recommended values (mg 
kg-1 ± 1 S.D.) 
Lithium 42.7 ± 04 41.54 ± 2.87 
Boron 36.0 ± 0.7 34.73 ± 3.21 
Magnesium 60.7 ± 0.6 77.44 ± 30.15 
Phosphorus 31.5 ± 1.3 55.16 ± 22.71 
Manganese 41.4 ± 0.4 38.43 ± 0.99 
Iron 49.6 ± 1.4 56.33 ± 17.14 
Copper 38.0 ± 0.4 36.71 ± 3.07 
Zinc 38.9 ± 0.5 37.92 ± 3.86 
Strontium 79.0 ± 0.7 76.15 ± 2.29 
Tin 35.0 ± 0.4 37.96 ± 1.76  
Barium 38.2 ± 0.3 37.74 ± 1.26 
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Table A3.2 Details of isotopes and limits of detection (LOD) outputted from IOLITE are 
given in mg kg-1 
 
Element Isotope LOD (mg kg-1) 
Lithium 7Li 0.051 
Boron 11B 0.167 
Magnesium 24M 0.054 
Phosphorus 31P 2.324 
Manganese 55Mn 0.165 
Iron 57Fe 0.607 
Copper 63Cu 0.034 
Zinc 66Zn 0.037 
Strontium 88Sr 0.011 
Tin 118Sn 0.017 
Barium 138Ba 0.002 
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